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ABSTRACT
EXPLORATION IN METALLIC NITRIDE FULLERENES AND OXOMETALLIC
FULLERENES: A NEW CLASS OF METALLOFULLERENES
By Mary Alice Mackey
December 2011
Research groups around the world have taken an interest in the synthesis,
purification, characterization, and functionalization of Metallic Nitride Fullerenes
(MNFs) since their discovery in 1999. This dissertation details the discovery of another
new class of molecules—Oxometallic Fullerenes (OMFs).
There are many groups worldwide doing research on MNFs, and there is a large
database of published MNF research, but we have had a unique opportunity to fill a
research void on OMFs as at present no one else is doing research on these molecules;
herein we take molecules that we discover and perform seminal research relating to them.
MNF research is closely tied to this project; MNFs are a stepping stone because of their
greater abundance and similar reactivity.
Building off of previously developed techniques, we are able to create new
methods for the separation and isolation of MNFs and OMFs. We studied the reactivity
differences of various MNFs and OMFs in order to utilize Lewis acid chemistry as a tool
for the enrichment and purification of both MNFs and OMFs, eventually resulting in a
detailed separations technique. We have also begun studies to functionalize the carbon
cage of endohedral metallofullerenes—this research includes using Lewis acids and
various aromatic solvents via Friedel-Crafts reactions.
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CHAPTER I
LITERATURE REVIEW
Introduction to Fullerenes
Fullerenes are a family of carbon allotropes that were discovered in 1985.1, 2
This addition to the classical forms of carbon, diamond and graphite, was made all the
more interesting by the fact that these allotropes were spherical molecules that were
soluble in various solvents—an important feature for chemical research. Fullerene cages
consist of fused pentagons, which provide curvature, and hexagons. The fullerene that
set this area of research in motion was C60, for which the official IUPAC name was
determined to be Hentriacontacyclo[29.29.0.0.2,14.03,12. 04,59.05,10.06,58.
07,55.08,53.09,21. 011,20.013,18.015,30. 016,28.017,25.019,24.022,52.
023.50.026,49.027,47. 029,45.032,44.033,60. 034,57.035,43.036,56.
037,41.038,54.039,51. 040,48.042,46]hexaconta-1,3,5(10),6,8,11,13(18),
14,16,19,21,23,25,27,29(45),30,32(44),33,35(43),
36,38(54),39(51),40(48),41,46,49,52,55,57,59-triacontaene.3 Thus the molecule was
quickly coined “Buckminsterfullerene” due to the similarity of its geometry to the
geodesic domes popularized by Buckerminster Fuller. This term led to the more generic
title of “fullerenes” for the entire class of compounds, with the more colloquial term
“buckyballs” also coming into the vernacular.4
C60 & Other Empty-Cage Fullerenes
Kroto, Smalley, and Curl discovered the first fullerene, C60 (shown in Figure 1),
in 1985 when they were studying how carbon chains were formed in interstellar space by
carbon stars. Using laser irradiation to vaporize graphite to form carbon clusters for this
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study, they found that they were producing a remarkably stable structure consisting of
sixty carbon atoms.1 The structure determination of C60 was originally done using IR
spectra where it shows four bands.5 Later it was also shown that to have only one line in
a 13C NMR spectrum.6 They received the Nobel Prize in 1996 for their work in this area.

Figure 1. C60: Buckminsterfullerene (model courtesy of Dr. Praveen Madasu)
C60 is classed as an empty-cage fullerene, meaning that there are no atoms
contained inside the fullerene cage. It is approximately 0.7 nm in diameter and consists
of 20 hexagons and 12 pentagons, making it a truncated icosahedron with Ih symmetry.
This structure also indicates that C60 follows the Isolated Pentagon Rule (IPR) which
states that fullerenes should only be stable if they do not have adjacent pentagons. 7
Given that C60, shown in Figure 1, is the smallest fullerene to follow the IPR, this
probably accounts for the relative abundance of C60 compared to smaller fullerenes such
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as C208 and C369 which do not follow the IPR. The carbons in C60 are highly
pyramidalized sp2 hybridized carbons that introduce a large amount of strain to the cage.
The electrons in the hexagons of C60 are not delocalized over the entire molecule, and it
has a closed-shell electronic configuration consisting of sixty π electrons.
Due to the small quantities of fullerene produced it was not until a few years after
the discovery of C60 that samples were readily available to the scientific community for
research. The breakthrough came when C60 was produced for the first time on a
preparative scale by Kratschmer and Huffman via resistive heating of graphite, a fairly
simple procedure.5 This method was also able to generate other empty-cage fullerenes,
such as C70, on a preparative scale. The sudden availability of macroscopic quantities of
sample prompted a flood of research in both academia and industry.
Higher order empty-cage fullerenes exist that are comparable in stability to C60,
but as they are not as abundant as the C60 molecule (a standard HPLC chromatogram for
an empty-cage fullerene extract will generally be comprised of at least 50% C60) these
fullerenes have been less widely investigated. The most common of these is C 70 which
has D5h symmetry and can be described as the two halves of C60 joined by a belt of ten
carbons. C70 is shown in Figure 2.
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Figure 2. C70 (model courtesy of Dr. Praveen Madasu)
Other higher order empty-cage fullerenes that have been studied include C76,10
C78,11 C82,12 C84,13 C86,14 C9015….C2n (n>39). The lower abundance of these higher order
fullerenes and the tendency for higher order fullerenes to have more structural isomers
contributes to the difficulty in isolating them for further study.
Classical Endohedral Fullerenes
It did not take long after the discovery of C60 for scientists to propose that
fullerenes could contain atoms inside of their carbon cages.1 Such fullerenes are termed
endohedral fullerenes and contain atoms or complexes within the carbon cage.
Widespread nomenclature utilizes an @ symbol to describe these fullerenes; for instance,
Sc3N@Ih-C80 denotes a scandium nitride cluster enclosed within a cage consisting of
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eight carbon atoms arranged with Ih symmetry. The addition of these atoms or
complexes can provide the molecule with new and different electronic and/or optical
properties. Study of individual endohedral fullerenes can provide structural information
about the carbon cage, encapsulated species, and any charge transfer that exists between
the two. One of the most important aspects of these molecules is their dual chemical
nature—an endohedral fullerene can have both the advantages of the aromatic cage and
the atoms or molecule it contains. Unfortunately, the yields are traditionally low
compared to empty-cage fullerenes, so isolation can be difficult.
Non-metallic doped fullerenes involve a single atom such as nitrogen,
phosphorus, or a noble gas encapsulated in the very center of the cage. Fullerenes such
as N@C60, P@C60, and N@C70 contain atoms which keep their ground state
configurations; these atoms are freely suspended in the cages and have properties
resembling those of ions in electromagnetic traps.16 Some more examples of nonmetallic doped fullerenes include He@C60 and Ne@C60 which were formed by exposing
the C60 cage to 3 bars of noble gas, as well as Kr@C60, Ar@C60, Xe@C60, and various
adducts of He@C60.17
Classical metallofullerenes contain one or more metal atoms, have varying cage
sizes, are generated via laser evaporation or arc plasma methods,18 and may have metallic
properties as well as fullerene properties. They involve charge transfer between the metal
and the cage. These fullerenes are unstable in air and difficult to purify because of their
low stability. The first metallofullerene confirmed to have metallic properties was
La@C60; this fullerene was observed shortly after the original discovery of C 60 when ions
corresponding to this compound were seen using mass spectrometry.19 The metallic
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properties are caused by charge transfer from the Lanthanum to the fullerene cage. Other
metals encapsulated in fullerenes include alkaline earth metals, alkali metals, transition
metals, inner transition metals, and trivalent metals such as uranium, zirconium, and
hafnium.18 Many of these metallofullerenes, such as Sc2@C66 and La2@C72, do not
follow the IPR but are instead stabilized by their endohedral atoms or complexes. 20, 21
Most of these metallofullerene structures are obtained by synchrotron X-ray powder
diffraction to confirm the presence of the metal or cluster inside the cage, but further
study is hindered by the lack of available sample. An example of a classical
metallofullerene, Sc2@C84, is shown in Figure 3.

Figure 3. Sc2@C84 (model courtesy of Dr. Praveen Madasu)
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Metallic Nitride Fullerenes (MNFs)
Discovery of Sc3N@C80 and the introduction of MNFs. The discovery of Sc3NC80
(Figure 4) by Dorn and Stevenson marked the first of a new class of endohedral
fullerenes that became known as metallic nitride fullerenes (MNFs).22 This molecule
consists of a metallic nitride cluster encapsulated within a fullerene cage,23 was formed in
a Krätschmer-Huffman plasma reactor, and was initially isolated in milligram quantities
via HPLC fraction collection by Dr. Steven Stevenson and Dr. Harry Dorn.22 The mass
spectrum showed a [M]+ peak at 1109 m/z and the structure was determined using X-ray
crystallography;24, 25 the dominant isomer, which was the one isolated, has Ih symmetry.
In this structure for Sc3N@C80 shown in Figure 4, which is currently the highest yielding
MNF, each scandium atom donates two electrons to the cage and one to the nitrogen
atom, which could be written as {Sc3N]6+@[C80]6-.26 This new class of nanomaterials has
been the focus of research for use in various industrial applications, medicine, and
polymer science.27-34
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Figure 4. Sc3N@C80 MNF (model courtesy of Dr. Praveen Madasu)
Metallic nitride fullerenes (MNFs)22 in general consist of a metallic nitride cluster
encapsulated within a fullerene cage. The three metal atoms involved may be of the same
element or of mixed elements as shown in Figure 5.
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Figure 5. Periodic Table of MNF Elements
The three metal atoms bond to the central nitrogen atom and, depending on the
size of the metals, form either a trigonal planar or slightly pyramidalized cluster. MNFs
can exhibit some of the properties of the metals that they contain thereby giving them
some metallic properties absent in the empty-cage fullerenes. In addition, MNFs are
more stable than the classical metallofullerenes due to their charge transfer.
MNFs and empty-cage fullerenes have different reactivity and chemical
selectivity due partially to their structural differences. Most empty-cage fullerenes, such
as C60, follow the isolated pentagon rule as mentioned previously. In this case, the
junction between two 6-membered rings is the most reactive bond on the cage surface.
There is not a reactive bond at those junctures on the MNF C80 cage, but there is
significant charge transfer from the metal cluster to the cage; both of these features
contribute to the relatively low reactivity of the MNF C80 cage.
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The Ih C80 cage has two different types of carbon—60 carbon located in the
vertices between two hexagons and one pentagon and 20 carbon where three hexagons
meet giving the 13C NMR two signals at 144.57 and 137.24 ppm. This data, combined
with the fact that Sc3N@C80 gives a single signal in 45Sc NMR, indicates that the Sc3N is
not located at a specific bonding site on the NMR time scale, implying that it is in
dynamic equilibrium. However, some researchers maintain that the rotation is inhibited
by the interaction of the cage with the cluster, and that the cluster prefers a C3 symmetry
conformation. They predicted that this would show four IR vibrations under 150 cm -1,
and the experimental IR results showed four bands at 48, 78, 108, and 133 cm -1.35
The D5h isomer of Sc3N@C80 was officially discovered in 2003 by Duchamp et
al36 when they successfully isolated and characterized a sample of this fullerene. The
structure was later confirmed using crystallography.37 The cage is similar to that of the
dominant Ih isomer and can be described by saying that, if the C80 was to be divided into
hemispheres, the D5h isomer could be obtained by rotating the top hemisphere by 36°
from the Ih orientation.36 The elution times using HPLC are very similar for the two
isomers, with the D5h generally eluting as a tail on the Ih peak when using a standard
Pyrenyl Ethyl (PYE) column. The D5h isomer is a higher energy species compared to the
Ih isomer, which is consistent with the relative abundance of the two species in most
extracts.
Other Scandium MNFs. Other common scandium MNFs in standard fullerene
extract include Sc3N@C68 and Sc3N@C78. Others, such as Sc3N@C82, have been
detected but have not been as well characterized.
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Sc3N@C68 is particularly interesting as it was the first MNF to be discovered that
violated the isolated pentagon rule (IPR).38 There is no known evidence of this C68 cage
being isolated without the interaction from the cluster inside to help stabilize it. The C 68
cage has three instances of fused pentagons which align and interact electronically with
the positions of the scadium atoms inside the cage to stabilize the molecule.39 As such,
there is very little rotation of the cluster inside the cage. The Sc3N@C68 MNF is
produced in smaller yields than the Sc3N@C80 MNF with about 5-15% of the Sc3N@C80
amount.
Sc3N@C78 does follow the isolated pentagon rule but its spherical geometry is
considered to be disrupted in comparison to Sc3N@C80. Sc3N@C78 is produced in
similar quantities to Sc3N@C68 and is generally more stable owing to the IPR cage;
Sc3N@C78 elutes just prior to Sc3N@C80 on HPLC. The isolation and characterization of
this molecule was reported by Olmstead et al.40
Non-Scandium MNFs. As shown previously in Figure 5, there are many metals
besides Scandium that can form standard MNFs. Rare earth ions in particular are of
interest in the optoelectronic community and form the backbone of many applications
ranging from solid-state lasers to fiber amplifiers and silicon photonics.41 Three of the
most commonly studied ones are Lu3N@C80, Y3N@C80, and Gd3N@C80.
Lu3N@C80 was isolated and characterized by Stevenson et al.42 It was discovered
that not only did this MNF have a similar structure to its scandium counterpart, but that
the cage was not distorted due to a comparatively larger cluster inside. Both clusters are
planar and have similar bond distances. This MNF is often used for comparison with
other MNFs, as it is slightly easier to make than most non-Scandium MNFs.
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Y3N@C80 is another MNF that is not prohibitively difficult to make. It also
shares similar cage/cluster structures with Sc3N@C80. Recently this particular molecule
was used in the first single molecule photoemission study of an MNF. It was found to
have a low intrinsic photoluminescence quantum yield and a long radiative lifetime. A
single Y3N@C80 molecule was coupled to a gold nanoparticle to results in a
photoluminescence enhancement of two orders of magnitude—an unexpectedly high
result41.
Gd3N@C8043 is of particular interest to the medical community as it has potential
applications as an MRI contrast reagent.44-46 Naturally, this is also the MNF with the
lowest yield, so it is difficult to further research in this area due to a paucity of sample.
Unlike the Sc, Lu, and Y C80 MNF, the Gd3N@C80 cluster is not planar but rather
pyramidal. This is due to the large size of the Gd3N6+ molecule and is believed to be a
factor in the low yield of the MNF43.
Mixed-Metal MNFs. Mixed-metal MNFs have the standard formula M3-yXy@C2n,
where M and X represent different metals and y = 1 – 2. Synthesis of these compounds
requires only the addition of two different metal oxides to be packed into the carbon rod
before placing it in the reactor, though tuning conditions for a specific mix of metals can
be difficult (I.e. La2Sc@C80 vs. LaSc2@C80). Several of these compounds have been
synthesized, enriched or purified, and studied for various reasons. A select few are
discussed below.
The first two mixed-metal MNFs discovered were Sc2Er@C80 and ScEr2@C80.47
They were produced along with Sc3N@C80 and Er3N@C80 when using both Sc2O3 and
Er2O3 as packing material. Credit for this goes once again to Stevenson et al.47
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Sc2GdN@C80 and ScGd2N@C8048 have also been produced and are of particular
interest due once again to the possibility of using gadolinium for medical purposes.
These particular mixed-metal MNFs are produced in yields many times greater than that
of the standard low-yielding Gd MNF, and they are both stable.
There have also been instances of mixed-metal MNFs containing three different
metals, such as ScYErN@C80, which was isolated and characterized by Chen et al.49
using HPLC, mass spectrometry, cyclic voltametry, and IR. It also is a relatively stable
molecule.
Azafullerenes
Azafullerenes were discovered in 199550 when C59N was isolated as its dimer,
(C59N)2. The crystal structure of this azafullerene was obtained shortly thereafter.51
Azafullerenes are molecules composed of a fullerene cage in which one or more of the
carbon cage atoms have been replaced by a nitrogen.
These molecules have superior electron-donating properties when compared to
regular carbon fullerenes, and as such they have been the focus of a great deal of research
since their discovery.52-55 More recently they have been used for various applications,
including research into thin-film field-effect transistors56 and photosensitizers.57 They
also have excellent nonlinear optical properties when compared to carbon-only
fullerenes.58, 59
Our lab recently discovered a sub-class of azafullerenes—metallic nitride
azafullerenes (MNAFs)—which contain a metal nitride cluster. These molecules have
interesting electronic properties,60 and it is our hope that they will show potential for use
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in materials science and biomedical application. An example of an MNAF is shown
below in Figure 6; these molecules are discussed in more detail in Chapter II.

Figure 6. Sc3N@C79N (model courtesy of Dr. Praveen Madasu)
Fullerene Cage Structure and Symmetry
In general, fullerenes contain 2(10+M) carbon atoms corresponding to 12
pentagons and M hexagons. Therefore, the smallest fullerene possible corresponds to C20
when M=0. The pentagons of the cage serve to introduce curvature, as a structure
consisting of only hexagons would be planar. The number of possible fullerene isomers
rises substantially as the number for M increases, from 1 up to several thousand possible
isomers for some of the higher order fullerenes.4 The number of allowed isomers is
generally far less, though the numbers still increase greatly with the number of carbons
present.
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All molecules, fullerenes included, can be described by their symmetry. This is
true even if all that can be said is that they have no symmetry. Molecules may contain
symmetry elements, such as rotation or inversion operations, that together describe the
overall symmetry of the molecule. This set of operations is referred to as the point group
of the molecule.61 The most symmetrical isomer is not always the most abundant isomer,
as the D2d isomer of C84 is more abundant than the more symmetrical D6h isomer.
The smallest of the stable fullerenes is C60—a soccer ball shaped fullerene with
the Ih point group (corresponding to icosahedral symmetry) discussed previously. As an
icosahedron, C60 has 20 faces and is comprised of 20 hexagons and 12 pentagons. Since
none of the pentagons are adjacent, this structure is said to follow the IPR which states
that neighboring pentagons in a carbon network are unstable.62 This is one of the reasons
why C60 is so abundant compared to other empty-cage fullerenes—it is the smallest
fullerene to follow the IPR. Non-IPR fullerenes such as Sc3N@C68 (which has a D3
cage)63 do exist however, as the ring network is stabilized by the metal cluster. These
non-IPR cages are therefore seen mostly in the field of Metallic Nitride Fullerenes.64
After C60 the next stable fullerene that satisfies the IPR is C70. The C70 cage
consists of 12 pentagonal faces fused to 25 hexagonal faces and has D 5h symmetry.
Colloquially this shape is sometimes referred to as a pentagonal prism. The molecule
could be described as separating the two hemispheres of C60 and adding a belt of 10
carbon atoms in between the halves, giving it a more oval shape than C60.65
The two dominant isomers of Sc3N@C80 share the symmetries of C60 and C70—
namely the Ih and D5h point groups. The more abundant of the two isomers is the
Sc3N@Ih-C80 isomer. It has a closed shell electronic structure with the Sc3N cluster
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transferring six electrons to the cage. The D5h isomer has 6 different “kinds” of carbon
atoms compared to the two varieties of the Ih isomer. The C-C bond distances in the D5h
cage have more variation than in the Ih isomer where there are only two kinds of C-C
bonds (at the 5,6 and 6,6 junctions). For the Ih isomer, the carbons at the junction of two
hexagons have a slightly shorter bond distance (1.421 A) than those at the junction of a
pentagon and a hexagon (1.437 A). The bonds in the D5h isomer vary from the shortest
bonds (1.396 A) in the pyracylene sites to the longest (1.462 A) at the pyrene sites.66
It has been suggested that the most reactive sites on the D5h isomer of Sc3N@C80
are the pyracylene sites at the center of the cage because of the short bond length and
high degree of pyramidalization there. The Ih isomer lacks similar sites, which is one
reason for the lower degree of reactivity usually seen in the Ih isomer. This difference in
reactivity has been vital in separations research as a means of isolating the two isomers. 66
Synthesis of Fullerenes
There are currently four methods of synthesizing fullerenes, only one of which
works for MNFs and OMFs. They are (a) laser ablation,67 (b) electric arc,5 (c) solar
process,68 and (d) hydrocarbon pyrolysis.69 The most efficient of these methods is the
electric arc process. The yield is small compared to other methods, especially when it
comes to empty-cage fullerenes, but the high productivity rates and relatively low costs
compensate for the yield. The electric arc process utilizes a DC arc welder to create an
arc between a graphite cathode and anode. The formation of fullerenes, as well as
nanotubes and amorphous carbon, occurs in the arc plasma that results when electrical
discharge occurs. It is possible to form various endohedral metallofullerenes by packing
one of the graphite rods with a metal oxide such as Sc2O3.
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Our research lab uses an electric-arc reactor for fullerene generation. Our specific
method of fullerene production was introduced by Kratschmer and Huffman70 and
involves the vaporization of a graphite rod packed with metal oxide using a DC current to
result in fullerene containing soot. A former graduate student in our lab, Curtis Coumbe,
designed a reactor of this type in an effort to increase endohedral metallofullerene yield.
The fullerenes generated by this method are usually extracted from the soot using carbon
disulfide or xylenes and then analyzed via methods discussed in later chapters, such as
HPLC and MALDI-TOF.
A method for generating fullerenes coined CAPTEAR71 (Chemically Adjusting
Plasma Temperature and Reactivity) was developed in an attempt to selectively
synthesize specific fullerenes such as MNFs in place of empty-cage fullerenes. It
operates on the assumption that different fullerenes have different sets of optimal
formation parameters. This method has not only increased MNF yield but has also
resulted in the creation and discovery of many new fullerenes including new species such
as metallic nitride azafullerenes (MNAFs)60 and oxometallic fullerenes (OMFs).72-74 A
graphical representation of the CAPTEAR process is shown in Figure 7.

18

Figure 7. Chemically Adjusting Plasma Temperature, Energy, and Reactivity
Separation Science
As mentioned previously, the yields of the highly desirable metallic nitride
fullerenes are low in comparison to the amount of contaminant fullerenes in most
extracts. Empty-cage fullerenes (e.g., C60 and C70) often dominate the soot extract with
minor amounts of higher cage fullerenes such as C 78, C82, C84, C86, C88, C90….C2n (n>39)
and classical metallofullerenes (Am@C2n, A = metal, m = 1-4) that also must be removed.
A major purification hurdle is effectively separating the desired compounds from the
contaminant fullerenes.
Liquid Chromatography
Column chromatography. The very first fullerene separation, purifying C60 and
C70, was done using column chromatography in Kroto’s research group.6 A small
amount of fullerene containing soot was produced and soxhlet extracted, and in doing so
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it was noticed that the extract would dissolve slightly in hexane. This suggested that
separation with chromatography might be possible, and a column was packed with old,
neutral alumina. It was found that a magenta band appeared first followed by a red one—
these were C60 and C70 respectively and this was the first time that the colors of these
fullerenes were observed.75 Enough sample was purified to run mass analysis, UV-Vis,
IR, and NMR spectra on these compounds.6 Column chromatography is still used today
for fullerene separation, though it has mostly fallen out of favor due to the advent of more
efficient methods.
High-performance liquid chromatography (HPLC). Traditional separation
methods for fullerenes include high performance liquid chromatography (HPLC) which
has been a popular technique for isolating new compounds. This standard technique has
been used to isolate empty-cage fullerenes, metallofullerenes, metallic nitride fullerenes,
oxometallic fullerenes, and various structural isomers of the above.64, 76-78 Fullerenes
have even been used as a stationary phase in HPLC columns themselves.79
Several different columns have been used for fullerene separation. Perhaps the
most common ones are the Pyrenyl-Ethyl (PYE), 5-PBB (pentabromobenzyl), and
Buckyclutcher (3,3,3-tri-dinitrobenzoxyl-propyl-silica) columns. Our lab has
predominantly used the PYE stationary phase, shown below in Figure 8, for our
separations.
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Figure 8. Pyrenyl Ethyl (PYE) Stationary Phase
The PYE column is a reversed phase column, meaning that the stationary phase is
non-polar, consisting of a planar 1-(1-pyrenyl)ethyl) group bonded to silica gel. It
utilizes interactions based on the pi electrons in the stationary phase to separate
substances similar in structure. The Cosmosil website, which manufactures and sells
these columns, even features an HPLC chromatogram from the Stevenson Lab.
Separating and purifying a fullerene sample via HPLC usually involves at least
two, and sometimes three, stages. For some separations different columns and/or mobile
phases are used for each stage, but in many cases it is possible to obtain a pure sample
without resorting to changing those variables. The first stage generally involves a semiprep column (10 x 250 mm) where possible in order to enrich the extract in the desired
fullerene as quickly as possible by fraction collection. An example is shown in Figure 9.
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Figure 9. Stage 1 Separation of Sc3N@C82 via HPLC using a PYE column and Toluene
In Figure 9,, an unknown peak was noticed aatt the edge of the HPLC
chromatogram and was collected via fraction collection for identification. A single pass
using several large 0.5 mL injections in toluene produced the second chromatogram with
the desired peak significantly enriched. If further pur
purification
ification is desired (i.e. 2nd or 3rd
stage HPLC purification)
purification), then the collected fraction could be run again with the same
conditions, with an analytical column (4.6 x 250 mm), with a different mobile phase, or
with a different column altogether.
When thee sample appears pure using HPLC
HPLC, it is usually confirmed via mass
spectroscopy techniques such as MALDI
MALDI-TOF.
TOF. Changing the mobile phase or column in
HPLC is particularly useful if the mass spectroscopy data indicates that two or more
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compounds are eluting together. This may shift them into different retention times and
allow for further purification. In this case the unknown peak was identified as having a
m/z of 1133, which corresponds to Sc3N@C82. However, identification cannot be fully
confirmed without X-ray crystallography.
Non-Chromatographic Separation
Despite past successes, the HPLC approach for isolating MNFs is unfavorable
due, in part, to the expense (e.g., equipment, solvent waste, and columns), poor
throughput (e.g., low solubility of MNFs in typical mobile phases), and the presence of
fullerene contaminants co-extracted from electric-arc soot. Due to the nature of HPLC
fraction collection, it is also difficult to get a large amount of sample in a reasonable time,
even if the extract is available for separation. Therefore, many non-chromatographic
separations techniques have been pursued.
The Stir and Filter Approach (SAFA). The “Stir and Filter Approach” (SAFA)80
is a separations method that allows for purification of Sc3N@C80 at room temperature
using amino, diamino, or triamino functionalized silica gels. The reaction that takes
place between the silica gel and the fullerene is believed to be an electron transfer and
addition mechanism. The amino groups react more readily with the empty-cage and
classical fullerenes because the MNFs have high charge transfer to the cage, they are
closed shell species, and their cages are more inert relative to the other fullerenes.80
This method has been used to obtain an isomerically pure sample of Sc3N@Ih-C80,
removing the D5h isomer from solution in a single step.81 This method is also commonly
used to quickly obtain samples enriched in metallic nitride fullerenes (MNFs), as the
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contaminant empty-cage
cage fullerenes quickly react with the functionalized silica and leave
the solution. A diagram of the SAFA process is sshown below in Figure 10.
10

Figure 10. The "Stir and Filter Approach" (SAFA) for Fullerene Separation
eparation by
Stevenson et. al., 2006, Journal of the American Chemical Society, 128, p. 8829.
Adapted
apted with permission of the author.
Advantages of SAFA over other methods include the following: (a)
(
chromatography equipment is not required, ((b)) a flowing solvent is unnecessary, (c)
( the
separation time is relatively rapid, ((d) room temperature is adequate
quate for separation, (e)
(
the essential materials are inexpensive, ((f)) the reaction can be left unattended, and (g)
( the
SAFA is a scalable process.
Aluminum chloride
hloride and chemical reactivity differences. A purification procedure
for C60 from fullerene extr
extract
act using aluminum chloride has been published. This method
utilizes the different complexation rates of C 60 and C70 with AlCl3 in CS2 solution to
provide enriched samples of both. The C 70 complexes far more strongly than the C60 and

24
precipitates out of solution, providing a high purity C60 solution and a precipitate
enriched in C70. This precipitate is recoverable after filtration and treatment with water.82
This technique was used as the starting point for developing our own separations
procedure for endohedral metallofullerenes. Our technique is discussed in more detail in
Chapter III.
Other techniques. Another approach to non-chromatographic separation of
fullerenes involves the use of cyclopentadiene (CPD) immobilized on a Merrifield
resin.83 This method allows for purified Sc3N@C80 to be obtained after a period of two
days via reactive extraction of contaminants making it an improvement over HPLC as a
purification method. The reaction mechanism in this case is [4 +2] cycloaddition. 84
A solvent-free reaction in which molten 9-methylanthracene reacts with emptycages while leaving the MNFs unreacted has also been published.85 This method permits
MNF samples of high percent purity.
The purification of C60 using fractional crystallization in 1,3-diphenylacetone is
yet another method for obtaining pure C60.86 It is also possible to get preferential
precipitation of C70 over C60 with this reaction if p-trihalohomocalix[3]arenes are added.
Functionalization of Fullerenes
C60 and other non-MNFs
C60 and Aromatic Benzene Derivatives. C60 reacts with aromatic benzene
derivatives in the presence of Lewis acids such as aluminum chloride to produce FriedelCrafts fullerenation products.87 A typical Friedel-Crafts reaction is shown below in
Figure 11, in a reaction involving fullerenes, the fullerene would act as the R-group:
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Figure 11. Standard Friedel-Crafts Reaction
At present fullerenes have been shown to react with benzene, toluene, m-xylene,
fluorobenzene, chlorobenzene, anisole, and N,N-dimethylaniline in the presence of a
Lewis acid at ambient temperature to produce polyarenefullerenes. In the case of
benzene, FAB mass spectrometry showed a strong peak at 1656 corresponding to
C60(C6H6)12, as well as other peaks corresponding to fewer benzene molecules. The
Friedel-Crafts type fullerenation was confirmed by carrying out the reaction with C6D6 in
place of benzene. The FT-IR spectrum showed a characteristic C-D stretch at 2271 cm-1,
and FAB mass spectrometry showed a mass corresponding to C60(C6D6)12 as well as the
peaks corresponding to fewer molecules of deuterated benzene. Similar reactions with
toluene and fluorobenzene gave similar addition products with the mass spectrum again
showing a preference for the addition of 12 molecules. Olah’s initial work 87 concludes
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that Friedal-Crafts reactions of fullerenes produce only mono-substitution of the aromatic
hydrocarbons, and for C60 the most abundant product formed consists of 12 aromatic
molecules adding to C60. This substitution is explained by the electrophilic character of
C60, since the fullerene decreases the nucleophilic character of the aromatic and makes it
unlikely to be disubstituted. He also states that the addition of 12 aromatic molecules
gives the most symmetrical and thermodynamically stable products.87 A basic example is
shown below in Figure 12.

Figure 12. Basic Reaction of Buckminsterfullerene with Benzene in the Presence of
Aluminum Chloride. Further additions to the cage are possible.
The reaction involves the initial protonation of the fullerene by the residual
protons in the Lewis acid to the fullerene cation. This step is followed by the
electrophilic fullerenation of the aromatic and repeats until 12 aromatics have been
added. The order of Lewis acid activity was found to be AlBr3 > AlCl3 > FeCl3 > GaCl3
> SbCl5. It is noted that weak Lewis acids, such as TiCl4, SnCl4, GeCl4, BF3, and BCl3,
do not catalyze the reaction for C60.87 The scheme proposed by Olah is shown below in
igure 13.
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Figure 13. Olah's Proposed Scheme for the Friedel-Crafts reaction of C60 and Benzene
Many fullerenes readily undergo chlorination and bromination, which can then
undergo Friedel-Crafts reaction to produce polyarylated fullerenes. In this case the
number the aromatics attached to the fullerene cage is higher, generally 16 or more. 87 It
is possible that the hydrolysis of aluminum chloride, shown below, also plays a role by
introducing acid into the solution.
AlCl3 + 6H2O  Al(OH)3 + 3HCl + 3H2O
A wider range of phenylated C60 derivatives can be produced by heating a mixture
of C60, bromine, ferric chloride, and benzene under reflux. The primary product is
C60Ph5H, but other products include C60Phn (n = 4, 6, 8, 10, 12), C60PhnO2 (n = 4, 6, 8,
10, 12), C60PhnOH (n = 7, 9, 11), C60PhnH2 (n = 4, 10), C60Ph4H4, C60Ph5H3, C60PhnO2H
(n = 5, 9), C60Ph4C6H4O2, C60Ph9OH3, and C60Ph11O3H2. The formation of these
derivatives is thought to involve the radical bromination of the fullerene. 88
Other functionalization of C60 and classical metallofullerenes. Fullerenols, or
hydroxyfullerenes, are water-soluble fullerene derivatives. Several methods for
synthesizing these compounds exist, including the reaction of C60 with BH3/THF and
H2O2/NaOH under a nitrogen environment to produce fullerenes with adjacent hydroxyl

28
groups via hydroboration89 and the reaction of C60 and NO2 to generate
polynitrofullerenes that were then hydrolyzed in NaOH solution.90 Classical
metallofullerenes such as Gd@C82 have also been hydroxylated.91
The addition of nucleophiles to C60 is another area of interest. Grignard reagents
react with C60 to form RC60- anions.92 More importantly, highly nucleophilic primary and
secondary amines are able to undergo additions to C6093, 94 and most other empty-cage
fullerenes or classical metallofullerenes. This reaction involving N,N’dimethylethylenediamine helped pave the way to developing the separations technique
known as the “Stir and Filter Approach,” discussed previously.
Metallic Nitride Fullerenes (MNFs)
The first MNF derivatives. Many of the initial Metallic Nitride Fullerene
derivatives were generated by the Dorn group. The first functionalized MNF was formed
via the reaction of Sc3N@C80 with 13C labeled 6,7-dimethoxyisochroman-3-one.95 This
adduct was purified using HPLC techniques and characterized by NMR and MALDITOF. An X-ray crystal structure was later obtained for this compound to confirm that the
theories surrounding this first funtionalization product for MNFs.96
The Dorn group also synthesized the first water-soluble metallic nitride fullerene
metallofullerols from polyanionic radical intermediates. These fullerene derivatives were
characterized using a variety of methods but small sample quantity prevented them from
further research at that time.97
Fluorine chemistry and MNFs. A group at Colorado State has extensively
explored the preparation, isolation, and characterization of CF3 derivatives of both
isomers of Sc3N@C80.98 Their results showed that these MNFs could be transformed into
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fluoroalkylated derivatives by using high-temperature radical addition methodologies
previously developed for fullerenes99.
They also prepared the compounds Sc3N@(C80-Ih(7))(CF3) 14 (1) and Sc3N@(C80Ih(7))(CF 3)16 and obtained crystal structures for these molecules. These were the first Xray crystal structures of any endohedral metallofullerene with more than four cage C(sp 3)
atoms. The structures also exhibited several other novel features for MNFs.100
Their research also includes the redox-tuning endohedral fullerene spin states
using Sc3N@C80(CF3)2101 and exhaustive studies into the addition-patterns of CF3
molecules to Sc3N@C80.102 For the latter, a family of stable (poly)perfluoroalkylated
MNFs were prepared and characterized by NMR, Mass Spec, UV-vis, and ESR. Crystal
structures were determined for new compounds and addition pattern guidelines were
formed using experimental data and quantum chemical calculations. In short, their work
is a comprehensive study of polyadditions to MNFs covering the reactions of MNFs with
various radicals, the isolation of pure isomers of several MNF derivatives, the study of
the physical, chemical, and electronic properties of MNF(CF3)n derivatives, and the
development of theories to account for the structure, stability, and spectroscopic data of
these molecules.102
Other MNF derivatives. Many other types of functionalization reactions have
been done with C60 and a few others with MNFs. Some of these include Sc3N@C80
reacting with 6,7-dimethoxy-3-Isochromanone to form a Diels-Alder cycloadduct
Sc3N@C80-C10H12O2,95, 103 the later formation of a Gd3NC80 bisadduct using a similar
procedure,104 addition of N-ethylazomethineylide to form a pyrrolidine adduct on
Sc3NC80,105 the photochemical reaction of Sc3N@C80 with 1,1,2,2-tetramesityl-1,2-
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disilirane to produce a bis-silyated product, the diethyl malonate adduct of Sc3NC68, a
non-IPR fullerene derivative,106 the methanofulleroid adducts of Y3N@C80 which possess
high stability and have a distorting affect on the cage,107 and others. It has been noted on
several occasions that the D5h isomers are more reactive toward Diels-Alder and some
other types of cycloaddition reactions.66
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CHAPTER II
NEW MOLECULES: DISCOVERY, SEPARATION, AND ISOLATION OF NOVEL
ENDOHEDRAL METALLOFULLERENES
Introduction
The focus of our laboratory’s research in the past has involved primarily Metallic
Nitride Fullerenes (MNFs).64 During the course of this research we discovered not only
several novel mixed-metal Metallic Nitride Fullerenes108, 109 but also two new classes of
endohedral metallofullerenes—Oxometallic Fullerenes (OMFs)73, 110, 111 and Metallic
Nitride Azafullerenes (MNAFs).112, 113 Oxometallic fullerenes consist of carbon cages
containing metal oxide clusters and Metallic Nitride Azafullerenes consist of metal
nitride clusters inside an azafullerene cage (an azafullerene is a carbon cage in which a
nitrogen atom has been substituted for one of the carbon atoms).
The discovery of these classes of molecules is exciting on several levels, one of which is
that it allows our lab to perform the seminal research on these latest fullerenes. The
stories of many of these molecules are presented herein, though the research itself centers
on the family of Oxometallic Fullerenes.
Oxometallic Fullerenes (OMFs)
Like MNFs, Oxometallic fullerenes consist of a closed carbon cage encapsulating
one or more atoms. Oxometallic Fullerenes represent the first instance in which a Group
VI element (Oxygen) has been encased as part of a cluster within a fullerene cage; they
have the standard formula MxOy@Cn where ‘M’ represents a metal in the 4F or IIIB
block, ‘x’ and ‘y’ are the numbers of metals and oxygens respectively, and ‘n’ is the
number of carbon atoms in the fullerene cage. This interaction with oxygen is quite
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different from what is often seen with other fullerenes, such as the formation of an
epoxide (C60O)114 or an oxygen bridge between two fullerenes.
Similar to MNFs, the oxometallic cluster of an OMF must counter the formal
charge of its corresponding fullerene cage and in some cases, such as that of Sc 4O2@C80
discussed later in this chapter, this requirement results in some of the metals being forced
into a non-optimal oxidation state. The icosahedral (Ih) C806- cage is used in cases of both
MNFs and OMFs to encapsulate species which have a formal charge of +6, such as
Sc3N6+, Sc4O26+, and Sc4O36+.
Oxometallic fullerenes are a relatively recent discovery and as such most of the
research following their unearthing focuses on generating more OMF sample, finding
ways to purify said sample efficiently, and obtaining crystal structures of these new
molecules to confirm and study their structure. Members of the OMF family include, but
are not limited to, Sc4O2@C80111, Sc4O3@C8073, Sc2O@C82110, and Y2O@C82. At present
OMFs contain the largest clusters to be found within any fullerene cage.
Unlike metallic nitride fullerenes, OMFs form best in an oxidizing atmosphere as
opposed to reducing or inert atmospheres. The initial OMFs were observed via MALDI
after application of the CAPTEAR process (discussed in Chapter I) to MNF formation
provided an oxidizing atmosphere in the electric-arc reactor. This oxidizing atmosphere
was created by allowing air to enter the reactor chamber, something that is generally
avoided for MNF production. Once these new fullerenes were noticed, CAPTEAR was
once again utilized to tweak reactor conditions in an effort to maximize the output of
OMFs. Tuning the reactor conditions in this way did increase the yield and allow us to
notice other OMF peaks via HPLC, though yields of OMFs remain low in comparison to

33
MNFs. The requirement of an oxidizing environment to make OMFs is probably why
they were not noticed sooner—their discovery coming nearly two decades after that of
MNFs—given that MNF production generally involves packing metal oxides into carbon
rods to be vaporized.
Experimental
Reactor synthesis. All soot containing endohedral metallofullerene samples
(MNFs and OMFs included) was prepared using a cylindrical electric-arc reactor.115
Graphite rods of either an inch or half an inch diameter were core-drilled and packed with
graphite, a metal oxide, and copper additive such as Cu (Cerac) or Cu(NO3)2∙2.5 H2O
(Aldrich). The metal oxide used depends on the desired product, such as Sc2O3 packing
to produce Sc3N@C80 or Sc4O2@C80. The rods were vaporized using the CAPTEAR
process discussed previously to maximize OMF yields; generally this involved air being
deliberately introduced to the reaction chamber. The soot was extracted with either oxylene or Carbon disulfide, filtered, and the solvent then removed via rotary evaporation
to produce the dry extract. The extract was then washed with either diethyl ether or
acetone, weighed, and characterized by high performance liquid chromatography (HPLC)
to ascertain the amounts and types of fullerenes present in the sample. HPLC conditions
for analytical study were as follows: 4.6 mm x 250 mm Pyrenyl-ethyl (PYE) column,
toluene or o-xylene mobile phase, 0.3 mL/min to 1 mL/min flow rate, and 360 nm UV
detection.
Purification of Sc4O2@C80. 100 mg of soot extract was dissolved in 77 g oxylene in a 200 mL round-bottom flask. While stirring, 1.66 g of diaminosilica gel was
added to the flask in a pre-cleanup step using the SAFA method. The slurry was allowed
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to stir for 2 hours, a short time for this reaction, in order to drastically reduce the content
of higher order empty-cage fullerenes and classical metallofullerenes that would co-elute
with our desired sample. Repeated injection of this cleaner sample on HPLC was used to
collect the peak eluting at 20 minutes on a PYE HPLC column using o-xylene and
toluene mobile phases. After several passes a single peak was acquired and used to
obtain MALDI and UV-Vis data.
Purification of Sc4O3@C80. 1.5 g of soot was dissolved in 500 mL carbon
disulfide. A 4.0 g portion of solid aluminum(III) chloride was added to the solution
while stirring. During the approximate 5 minutes of reaction time, the endohedral
metallofullerenes were preferentially removed from the solution. The mixture was
filtered, washed with an ice/water mixture, and then transferred to a separatory funnel
containing saturated sodium bicarbonate and carbon disulfide. The endohedral fullerenes
are released from the Lewis acid via the treatment of water and re-dissolve into the
carbon disulfide layer, providing an enriched sample of endohedral metallofullerenes,
including Sc4O3@C80. The sample was then further separated using HPLC fraction
collection to eventually produce a purified sample.
Discovery and Analysis of Sc4O2@C80
Our first foray into the world of oxometallic fullerenes began when we noticed
the appearance of several unknown peaks in a standard HPLC chromatogram being
analyzed for MNF content after undergoing the Stir and Filter Approach in an effort to
enrich the sample in MNF content. Two of these peaks eluted before Sc3N@C80 but after
Sc3N@C68 on an analytical PYE column and were promptly dubbed Mystery Peak I and
Mystery Peak II.
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Our first step in determining the identity of these compounds was to collect
enough of it via fraction collection with HPLC to analyze it via Mass Spectrometry. We
tested the samples at high concentration on two different semi
semi-preparatory
eparatory columns—
col
Pyrenyl Ethyl (PYE), shown in Figure 14, and BuckyPrep M, shown in Figure 15.
Conditions for each were 1.5 mL/min oo-Xylene
Xylene mobile phase, 360 nm UV detection, and
1 mL injection. The peaks in question were more easily visible on the PYE column,
column so
we began the process of collecting the fractions using that column.

10x250 PYE Column
1.5 mL/min o-Xylene
o
360
0 nm UV
1 mL Injection

Figure 14. Fullerene Extract on 10x250 PYE Column with o-Xylene – New Peaks
(OMF) Circled in Orange
range
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10x250 BuckyPrep M
Column
1.5 mL/min o
o-Xylene
360 nm UV
1 mL Injection

Figure 15. Fullerene Extract on BuckyPrep M – New Peaks (OMF) Circled
ircled in Orange
The second of the collected peaks contained the most sample and was the first one
ready for analysis. A MALDI mass spectru
spectrum
m of the first pass of this sample collection is
shown in Figure 16.

37

Figure 16. MALDI of Mystery Peak II Now Identified as having a Molecular
olecular Weight of
1172.
There were several possibil
possibilities
ities for fullerenes with a mass of 1172 such as
C80Sc4O2, C64N8O7Sc4, and C78N4Sc4. We used isotope analysis to further narrow down
the options on which fullerene this peak might represent and tentatively speculated,
speculated based
on our results, that it might bbe C80Sc4O2. We next chose to send our mass spec samples
of both peaks to a collaborator at Bruker for a high resolution mass spectrum (Table
(
1).
These results, which used C60, C70, and Sc3N@C80 as internal standards, confirmed that
t
the most likely composition of the 1172 peak was C 80Sc4O2.
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Table 1
High Resolution Mass Spectroscopy (MALDI) Results

At this point our lab group was very excited at the possibility of having an
endohedral fullerene containing not only six atoms, but oxygen atoms, in the form of
Sc4O2@C80. This would be a first in both areas, but it was still possible that one or more
of the oxygen atoms could be attached to the outside of the cage. In order to confirm our
structure, we needed to get an X-ray crystal structure, and therefore we needed
significantly more sample.
Continuing to collect samples via fraction collection was not feasible given the
amount desired, approximately 1 mg, for a crystal structure. The bulk of the
contaminants in these fullerene extracts are empty cage fullerenes easily removed by
using the Stir and Filter Approach discussed previously, so we began to prioritize
enriching our samples in these new peaks as opposed to MNFs where possible. To
accomplish this goal we used a large amount of diaminosilica gel for a short reaction of
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only two hours as opposed to the more standard reaction for MNF purification that would
often stir for a day or more. This technique prevented the loss of most OMF from the
extractt while still removing the bulk of the non
non-MNF
MNF contaminants. Reactor studies were
also conducted to maximize the amount of OMF generated
generated, and it was found that
increasing the air flow to a flow of 12 Torr/min was optimal. The resulting sample was
purifiedd using fraction collection and resulted in a single peak on both HPLC (Figure
(
17)
and MALDI (Figure 18)) shown below.

Figure 17. HPLC Chromatogr
Chromatograms
ams of (a) the extract after 2 hours of SAFA and (b) the
final sample after fraction collection
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Figure 18. Experimental (a) and Theoretical (b) Mass Spectra for Sc4O2@C80
Approximately 0.05 mg of purified sample was obtained fr
from
om 100 mg of extract.
Normally 1 mg or more is preferred when trying to grow crystals for analysis, but the
process of making and purifying more sample may have taken so long that what we had
collected already could decompose. Therefore
Therefore, we took the opportunity
rtunity to get a UV-Vis
UV
spectrum of the compound in CS2, shown in Figure 19,, and sent the sample to our
collaborator Dr. Balch at the University of California, Davis.
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Figure 19. UV-Vis Spectrum
pectrum of C80Sc4O2 in CS2
Dr. Balch’s group at UC Davis diffused a benzene solution of our fullerene into a
benzene solution of nickel
ickel octaethylporphyrin (NiII(OEP)) to form black blocks of our
sample which were then used to determine the crystal structu
structure. Nickel
octaethylporphyrin ‘cradles’ the endohedral with the eight ethyl groups. The sample was
confirmed to be Sc4O2@C80, specifically Sc4(µ3-O)2@Ih-C80, for which the crystal
structure with the adjacent Ni II(OEP) molecule is shown in Figure 20.
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Figure 20. “Sc4O2@C80 with the NiII(OEP) Molecule.
olecule. Major sites are shown.”
shown. by Balch
et. al., 2008, Journal of the American Chemical Society, 130, p. 11844. Adapted with
permission of the author.
At the time of this discovery
discovery, the Sc4O2 cluster was the largest confirmed unit to
be found in an endohedral fullerene, though the record would not stand for very long.
This OMF uses the C80-Ih cage common to many MNFs such as the dominant isomer of
Sc3N@C80. When this cage is present in MNFs
MNFs, it is assumed that the stabilization of the
isomer is due to the -66 charge ion on the cage, which gives it a closed shell. If the same
situation is true with our OMF, then the scandium cluster must have a +
+6
6 charge. This
would indicate the presence of a mixed valence unit in the cluster, namely
(Sc3+)2(Sc2+)2(O2-)2. This would be consistent with the short bond distance between Sc2
and Sc3 as the bond between the two Sc2+ atoms discussed below. The other scandium
s
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atoms, Sc1 and Sc4, are positioned above the porphyrin in positions similar to those
found for the Sc3+ ions in other fullerene compounds.116
The Sc4O2 cluster consists of a tetradral set of scandium atoms with bridging
oxygen atoms asymmetrically placed on two of the faces of the scandium tetrahedron.
The unit is disordered over three orientations with occupancies of 0.50, 0.30, and 0.20.
The lengths of the bonds between the scandium and oxygen atoms are as follows: Sc1O2, 1.964(14); Sc2-O2, 2.005(14); Sc2-O1, 2.11(2); Sc3-O1, 1.83(4); Sc3-O2, 2.056(13);
Sc4-O1, 2.090(14). These distances all fall within the observed range for Sc-O bond
lengths observed in other scandium complexes with an oxygen bridging group.116 There
appear to be no unusual interactions between the oxygen atoms and the carbon cage.
It was the discovery of Sc4O2@C80 that opened the door to further interest,
speculation, and research in the area of Oxometallic Fullerenes. As our lab was the only
lab with samples of OMFs at the time, we were able to do much of the seminal research
in this area and also made several other OMF discoveries which will be discussed in
future sections, starting with the purification of the other peak we were investigating
alongside Sc4O2@C80.
Discovery and Analysis of Sc4O3@C80
The initial investigation into the Sc4O3@C80 OMF was very similar to that of
Sc4O2@C80 discussed in the previous section. In Figure 14 we identified two peaks as
unknowns that we wished to investigate and began with the second, and larger, of them.
In this section we discuss the analysis and purification of the first, and smaller, unknown
peak in that chromatogram.
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We began by collecting as much of this Mystery Peak I alongside the Sc4O2@C80
peak as possible. MALDI mass spectroscopy indicated that this sample had a molecular
weight of 1188 and, given our theories about the oxometallic
xometallic nature of the other fullerene
peak at this time, we suspected that this peak was either Sc 4O3@C80 or Sc4O2@C80O.
The purified sample obtained
ined later was sent to our collaborator at Bruker along with the
Sc4O2@C80 peak, and high resolution isotope analysis indicated that the molecular
formula was indeed C80Sc4O3. We did not have enough product to obtain a crystal
structure of this compound uusing
sing this particular sample, but we did analyze it via UV-Vis
UV
spectroscopy, shown in Figure 21.

Figure 21. UV-Vis
Vis Spectrum of C80Sc4O3 in CS2
In order to obtain enough Sc4O3@C80 materiall for crystallization, a new method
of sample purification was developed. This method, which involves the complexation of
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Lewis
ewis acids with endohedral metallofullerenes, is discussed in detail in Chapter III. To
summarize, we used the selective complexati
complexation
on of aluminum(III) chloride with
endohedral metallofullerenes to greatly enrich our fullerene sample after only 5 minutes
of reaction time. This enriched sample was then further purified using a 10x250 mm
PYE column and HPLC fraction collection. These ssteps
teps are illustrated in Figure 22.

0.5 mL Xylenes
10x250 mm PYE
column
260 nm UV

Figure 22. Chromatograms of (a) the fullerene stock solution containing Sc4O3@C80, (b)
the enriched sample obtained after Lewis separations, and (c) the
he purified sample of
Sc4O3@C80 after purification by HPLC
As previously mentioned, a small portion of our purified sample was sent to a
collaborator at Bruker for high resolution mass spectrometry. The results of this analysis
show that our experimental sample has values very close to the theoretical ones,
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indicating a molecular formula of C80Sc4O3 as predicted. The mass spectrum and isotope
peaks are shown in Figure 23.

Figure 23. MALDI
LDI mass spectrum of purified Sc4O3@C80 and the high resolution
isotope analysis data
The bulk of this sample was sent to Dr. Balch at the University of California,
Davis, for x-ray
ray crystallography. His group diffused a benzene solution of our fullerene
into a benzene solution of Nickel octaethylporphyrin (Ni II(OEP)) in a 7 mm tube to form
black crystals of our sample which were then used to determine the crystal structure.
Nickel octaethylporphyrin ‘cradles’ the endohedral with the eight ethyl groups. The
sample was confirmed to be Sc4O3@C80, specifically Sc4(µ3-O)3@Ih-C80, for which the
crystal structure with the adjacent Ni II(OEP) molecule is shown in Figure 24.73
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Figure 24. “Sc4O3@C80 with the NiII(OEP) Molecule” by Balch et. al., 2010, Journal of
the American Chemical Society, 46, p. 279. Adapted with permission of the author.
This is a disordered structure and, given the high symmetry of the C 80-Ih cage and
the near C3v symmetry of the cluster, it is surprising that it was possible to obtain
structural information. The disorder has been modeled to help clarify the geometry of the
cluster. No electron density was noted on the outside of the cage, so there is no evidence
to support the theory of an epoxide. The cluster consists of a nearly tetrahedral array of
four scandium atoms with oxygen atoms on three of the four faces of the tetrahedron.
The lengths of the scandium-scandium bonds are in two distinct groups for this cluster—
the distance between scandium atoms bridged by two oxygen atoms are shorter than the
distances between scandium atoms that are bridged by only one oxygen atom. This was
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predicted via computations done by our collaborator and shows good agreement with
experimental values.73 Like Sc4O2@C80, Sc4O3@C80 has a C80-Ih cage with a -6 charge,
but in the case of the Sc4O3 cluster, all 4 of the scandium atoms have a +3 charge. The
Sc4O3 cluster is the largest cluster to date to be confirmed inside a fullerene cage.
Both of the OMF clusters discussed in this chapter set new precedent for the
chemical behavior of scandium. Scandium normally exists as Sc2O3, which we use as
one of the starting materials for OMFs, and apart from our compounds is only seen in
other oxide forms such as Sc2O in the gas phase. Like MNFs, OMFs demonstrate once
again the ability of fullerenes to entrap molecules not yet detected elsewhere.
Discovery and Analysis of other OMFs
Sc2O@C82. As our efforts to increase the yield and purity of OMFs improved, we
began to see more peaks in our MALDI spectra that represented possible oxometallic
fullerenes. One such mole is Sc2O@C82, which is formed in the way as previously
reported OMFs, though in less quantity.
Chromatographic separation for this compound was not feasible as its elution time
is similar to that of Sc3N@C78—a more abundant molecule. This retention time also
explains why this fullerene was detected via MALDI before an HPLC peak became
noticeable. Our Lewis acid separations technique was used in two steps to obtain an
enriched sample of this compound. The first step removed the most rapidly reacting
endohedral fullerenes, such as Sc4O2@C80, Sc3N@C80, and Sc3N@C78. The second step
removed the desired Sc2O@C82 from solution and further purified using HPLC (the peak
with a similar retention time having been removed in the previous step). The purified
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sample was used to obtain high resolution MALDI data ((Table 2), a UV--Vis spectrum
(Figure 25), and an x-ray
ray crystal structure ((Figure 26).
). Relevant data is shown below.
Table 2
Theoretical and Experimental Mass Peaks for Sc2O@C82

Figure 25. UV-Vis
Vis Spectrum of Sc2O@C82 in Carbon Disulfide
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Figure 26. “X-ray Crystal Structure for Sc2(µ2-O)@Cs(6)-C82*NiII(OEP)” by Balch et.
al., 2010, Journal of the American Chemical Society, 132, p. 12098. Adapted with
permission of the author.
There are nine different isomers of the C82 cage that obey the isolated pentagon
rule (IPR) out of a total 39,710 isomers for that cage. Of these isomers our Sc2O@C82
sample is comprised solely of the Cs(6) isomer. This OMF represents the first instance in
which the crystal structure of a fullerene does not agree with the fullerene calculated to
be the most stable at 0 K, though that may be explained by the high temperature of
formation of the fullerene.110 Like other OMFs and MNFs, there is significant charge
transfer between the cluster and the cage for this molecule. The C82 cage carries a -4
charge and the cluster, Sc2O, is +4. This is the first instance of the Sc2O oxide being
detected outside of the gas phase.
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Discovery of other Oxometallic Fullerenes. Various other possible OMFs have
been detected using MALDI techniques. These include, but are not limited to,
Sc4O4@C76, Sc4O@C90, Y2O@C82, Y4O2@C80, La4O2@C92, and Er2O@C80.
The most abundant of the non-scandium OMFs so far is Y2O@C82; but due to the
low yields, we have not yet succeeded in isolating enough for a crystal structure.
Preliminary lewis acid experiments, however, show that Y2O@C82 does form a complex
with aluminum chloride and precipitate rapidly, indicating that this technique is viable for
enrichment of this compound.
Metallic Nitride Azafullerenes (MNAFs)
Azafullerenes differ from other fullerenes in that one or more of the carbons on
the fullerene cage is replaced by a heteroatom such as nitrogen. Our lab was the first to
obtain data on the existence of metallic nitride azafullerenes (MNAFs). So far studies
indicate that, for these molecules, the replacement of a single carbon with a nitrogen is
the most likely configuration. Like MNFs the three metal atoms inside the MNAF cage
may be of the same element or of different ones. MNAFs have the generic formula of
M3N@CxNy, where ‘M’ is a IIIB or 4-f metal, ‘x’ is the number of carbon atoms in the
cage, and ‘y’ represents the number of nitrogen atoms present in the fullerene cage.
These molecules are of particular interest because the nitrogen on the cage would serve to
change the reactivity of the molecule and/or serve as a specific site for functionalization
reactions.
Experimental
Synthesis of La3N@C79N and other MNAFs. A 0.5 inch graphite rod was coredrilled to 3/16” and packed with a ratio of 1.25 g Scandium oxide (Sc2O3) to 3.75 g
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Lanthanum oxide (La2O3) in an effort to produce mixed-metal fullerenes. An air leak of
2 Torr/min or less was introduced to the reactor to form an oxidizing atmospohere for the
generation of MNAFs. The resulting soot was extracted with carbon disulfide, dried, and
washed with ether to obtain approximately 20 mg of extract.112
Separation of La3N@C79N and other MNAFs. MALDI conditions included the
method entitled RP Pepmix which was calibrated using C60, C70, Sc3N@C80 and
Lu3N@C80 and a quadratic fit. The laser power was varied from 20% to 40% to account
for different sample concentrations. In some cases the samples were run ‘neat’ in LDI
using no matrix and in others the matrix 1,8.9-anthracenetriol was used.
HPLC conditions for analysis were a 4.6x250 mm Pyrenyl-Ethyl (PYE) column,
o-Xylene mobile phase varying between 1.0 mL/min and 1.5 mL/min, and 360 nm UV
detection.
Discovery of La3N@C79N and Other MNAFs
The initial discovery of La3N@C79N was made while analyzing an extract that
was the result of a mixed metal scandium-lanthanum experiment. The goal of the
experiment had been to obtain purified samples of Sc2LaN@C80 and ScLa2N@C80 for use
in various studies comparing them to Sc3N@C80—our expectations were that the extract
would contain all three of these compounds. The HPLC results shown in Figure 27 at
first clearly showed the formation of Sc3N@C80 and Sc2LaN@C80, and MALDI was
utilized to determine if ScLa2N@C80 was present in the sample.
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Figure 27. HPLC chromatogram showing Sc2LaN@C80 and Sc3N@C80
MALDI was used in an attempt to ascertain if trace amounts of ScLa2N@C80
were present in the sample
sample, and in the process a discrepancy with the isotope patterns of
Sc3N@C80 and Sc2LaN@C80 were noted, but we did not explore it further at this time.
This spectrum is shown in Figure 28.
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Figure 28. MALDI containing a discrepancy in the isotope pattern of LaSc2N@C80
The CAPTEAR71 method for fullerene production was once again utilized to shift
the products towards what we wanted experimentally
experimentally, and we continued
ontinued to use MALDI
to search for traces of MNFs not easily visible in the HPLC. It was found that the isotope
pattern
rn discrepancy showed a trend
trend—the
the M+2 peak increased alongside the amount of
copper nitrate used in the packing material. A theoretical isotope pattern for
Sc2LaN@C80 is shown in Figure 29.
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Figure 29. Theoretical Isotope Pattern for Sc2LaN@C80
We compared our theoretical isotope pattern with the pattern we were seeing
using mass spectroscopy and found that the relative intensities of our experimental peaks
were varying with our reactor conditions. Specifically, we began to see an increase in the
M+2 peak with the addition of more copper nitrate to the plasma. Since this pattern
corresponds to the molecular weight associated with a nitrogen replacing a carbon, we
began to speculate that we were forming azafullerenes given the clear trend shown in
Figure 30.
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Figure 30. Isotope Pattern trend with increasing Copper Nitrate
Nitrate.
We were very surprised to note the appearance of a small peak corresponding
roughly to the molecular weight of La3N@C80—aa compound theorized not to exist due to
the large cluster size that would be contained in a comparatively small C80 cage (Figure
31).
). Closer inspection of the peak revealed that it had a mass of 2 amu higher than
expected, which corresponded to the earlier isotope discrepanc
discrepancies.
ies. We came to the
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conclusion that what we were now observing in all of our MNF peaks was likely a
different molecule containing a nitrogen atom in place of a carbon, thereby shifting the
isotope pattern by making the M+2 peak significantly larger than iitt should be. We
promptly began to explore the possibility of synthesizing metallic nitride azafullerenes.

Figure 31. MALDI spectrum showing La3N@C79N
This data suggests that the lanthanum nitride cluster has a strong preference
preferenc for
C79N over C80. Given the comparatively smaller amounts of the La3N cluster shown in
larger cage sizes of 96 and 104, we can also assume that it prefers the smaller cage size if
a nitrogen is present as part of the cage. The preference of a smaller cage size containing
a heteroatom shows the significance of the electronic effects present in this molecule. In
general, it is difficult to entrap a bulky cluster in an 80 atom cage
cage, and this difficulty has
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been attributed to a larger ionic radius—this restriction has also been used to explain why
Sc3N, the ‘smallest’ of the MNF metals, is the easiest to generate. However, it seems that
in the case of MNAFs the interaction between the cluster and the nitrogen atom, the
electronic consideration is more important than cage size for stability. Realizing that
cage size did not matter was a significant breakthrough. An overview of preferred cages
for various MNFs is shown below in Figure 32112.

Figure 32. Preferred cages for M3N clusters showing C80 (blue), C88 (green), and C96
(yellow). The MNAF cage for the La3N cluster is circled.
A simple fraction collection experiment was done to ascertain the feasibility of
isolating one of these MNAFs. HPLC was used to collect and remove what we knew to
be the standard peak for Sc3N@C80. The change in isotope pattern of the Sc3N@C80 peak
was then monitored via MALDI to see if we were successful in separating the MNAF
from the MNF. Results are shown as follows in Figure 33.
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Figure 33. Mass Spectrum
pectrum of (a) Sc MNF and MNAF before Fraction Collection
C
and (b)
After the MNF Peak
eak has been collected.
The drastic change in isotope pattern after separation via HPLC confirms that the
1109 and
nd 1111 peaks are different molecules and that this difference is not a fluke
involving MNF isotopes. It also implies that MNAFs could be further isolated for study.
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New Molecule Discovery: Conclusions
While studying Metallic Nitride Fullerenes (MNFs), we have discovered two new
classes of compounds—Oxometallic Fullerenes (OMFs) and Metallic Nitride
Azafullerenes (MNAFs). Further study has allowed us to add several individual
discoveries to each category with the promise of more to come.
In the case of OMFs, we have proceeded from identifying an unknown peak in a
MALDI spectrum to identification, characterization, and confirmation of structure via
crystallography for three different compounds and identified many other OMFs that we
have not yet isolated. We have also formulated new procedures for both synthesizing and
purifying these molecules so that in the future more sample might be available for further
study. One of these molecules, Sc4O3@C80, continues to hold the record for the largest
number of atoms confirmed to be encapsulated within an 80 atom cage, a title it took
from our previous discovery of Sc4O2@C80. Many of these compounds are also
examples of oxidation states not often seen in nature, such as Sc2+.
Metallic Nitride Azafullerenes (MNAFs) hold promise for future study given the
nature of the nitrogen atom on the cage as a possible functionalization site. Additionally,
the molecule La3N@C79N has proven to the scientific community that a cluster of that
size is able to fit into an 80 atom cage because of the electronic interaction between the
positively charged metal atoms inside the cage and the negative nitrogen on the cage—
showing the scientific community that the ionic radius is not always the deciding factor
for cage size selection.
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CHAPTER III
SEPARATION SCIENCE: SELECTIVE COMPLEXATION OF LEWIS ACIDS WITH
METALLIC NITRIDE AND OXOMETALLIC FULLERENES
Introduction
Prior work in our lab focused on scaling up our yield of Metallic Nitride
Fullerenes (MNFs) using a method coined CAPTEAR (Chemically Adjusting Plasma
Temperature and Reactivity).117 This research resulted in the discovery of two new
classes of endohedral metallofullerenes: Metallic Nitride Azafullerenes (MNAFs)60 and
Oxometallic Fullerenes (OMFs),111 both of which were discussed previously. Our
interest in this section lies primarily with the separation and isolation of OMF samples.
One of the major hurdles to research and experimentation with metallic nitride
fullerenes has always been the poor availability of isomerically pure samples, a difficulty
which now extends to OMF research. A great deal of effort has been placed into
developing and streamlining techniques to acquire higher quality samples since the
discovery of MNFs in 1999,22 and we are now doing seminal research in this area for
OMFs.
The research reported in this chapter focuses on exploring the different kinds of
OMFs and their properties, often using MNF research as a precursor due to the higher
availability of MNFs compared to OMF samples, in order to develop a viable separation
technique. Traditional fullerene separation techniques involve fraction separation via
HPLC, which is tedious and applicable primarily for small scale isolations, though other
non-chromatographic methods have been developed to isolate MNFs using solid supports
such as aminocapped silica80 and Merrifield resin.84 However, disadvantages to the
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aminosilica approach include the loss of metallofullerene and fullerene material onto the
solid surfaces and the difficulty in fullerene reversibility from the aminosilica.
The separation of C60 from other empty-cage fullerenes (such as C70) using
selective complexation with Lewis acids has been previously described based on C60
being the more inert species.82 We hypothesize that our MNF and OMF metallofullerene
system will show a dramatic increase in reactivity based on their cages having formal
charges of -6 as opposed to the neutral charge present on empty-cage fullerenes. This
difference will allow us to manipulate the reaction conditions and develop a novel
separation technique for MNFs and OMFs.
Experimental
Synthesis and characterization of MNF and OMF extracts
All soot containing endohedral metallofullerene samples (MNFs and OMFs
included) was prepared using a cylindrical electric-arc reactor.115 Graphite rods of either
an inch or half an inch diameter were core-drilled and packed with graphite, a metal
oxide, and copper additive such as Cu (Cerac) or Cu(NO3)2∙2.5 H2O (Aldrich). The metal
oxide used depends on the desired product, such as Sc2O3 packing to produce Sc3N@C80
or Sc4O2@C80. The rods were vaporized using the CAPTEAR process discussed
previously to maximize MNF and OMF yields. The soot was extracted with either oxylene or carbon disulfide, filtered, and the solvent then removed via rotary evaporation
to produce the dry extract. The extract was then washed with either diethyl ether or
acetone, weighed, and characterized by high performance liquid chromatography (HPLC)
to ascertain the amounts and types of fullerenes present in the sample. HPLC conditions
for analytical study were as follows: 4.6 mm x 250 mm Pyrenyl-ethyl (PYE) column,
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toluene or o-xylene mobile phase, 0.3 mL/min to 1 mL/min flow rate, and 360 nm UV
detection.
Procedure for Removing Sample from Precipitate
To recover fullerene samples, such as MNFs, from the Lewis acid complex after
the experiment is completed, we begin by decanting or pipetting the remaining liquid
phase and washing the precipitate several times with solvent in order to remove all
fullerenes that did not form a complex from the sample. Ice is then added to the
precipitate to break the complex. It should be noted that solid ice is used instead of liquid
water due to the amounts of heat generated when the remaining Lewis acid reacts with
the water. Once the complex is broken, saturated NaHCO3 is added to neutralize the
resulting slurry. The slurry is then placed into a separation funnel and washed several
times with water. Finally, a few milliliters of CS2 is added to re-dissolve the fullerenes
that are now free of the complex. This CS2 solution is collected and dried to produce the
final product. Figure 34 illustrates this process.
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Figure 34. Recovery of Fullerenes from Lewis Acid Complex
We found that in most cases vacuum filtration was not viable due to an inability
to recover a large percentage of the sample from the paper after filtration was complete.
Paper filtration using gravity instead of a vacuum was likewise difficult in comparison to
simply decanting or removing the solvent in another fashion for smaller samples, though
larger (> 500 mg) samples
amples could be processed effectively with these methods. A few
pictures of the actual process are shown in Figure 35 and Figure 36.
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Figure 35. Lewis Acid Experiment After Decanting Solvent, Leaving the Precipitate
Behind in the Beaker

Figure 36. Lewis Acid Experiment Adding Ice and Sodium Bicarbonate to the
Precipitate in Order to Break the Complex
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Feasibility Test
Basic Test of Reaction Rates
We began our research by first repeating the work done by Bucsi et. al.82 in his
1994 paper using a standard sample of mixed fullerene from MER. Since the original
paper had only tested the reaction rates of C60 and C70, we were interested to confirm that,
after a given reaction time with other empty-cage fullerenes, C60 would still be the only
fullerene remaining in solution. We used 10.6 mg MER mixed fullerenes dissolved in
100 mL CS2, and added approximately 400 mg AlCl3 to the solution while stirring. Two
experiments were run concurrently, with 50 – 100 µL dH2O being added after each
aliquot to the second reaction (no dH2O was added to the first). In both cases the solution
was the light purple of C60 after 6 days of reaction time, and HPLC was used to confirm
that only C60 remained in solution. A third reaction was set up using a larger ratio of
AlCl3 to fullerenes and allowed to run for two-weeks’ time, at which point the C60 had
still not precipitated from solution while all other empty-cage fullerenes had already
fallen out.
Our next step was to compare the rate of these empty-cage fullerenes to that of
our metallic nitride fullerenes, specifically Sc3N@C80. We began by dissolving
approximately 1 mg fullerene (mixed fullerenes from MER in one vial and Sc3N@C80 in
another) in 2.5 mL CS2 and adding 40 mg AlCl3 to each. When the mixture was stirred,
it was observed that the MNF reacted rapidly and precipitated within minutes, indicating
a much faster reaction than any of the empty-cage fullerenes had exhibited. We stopped
the reactions and managed to recover 0.63 mg of our 1 mg Sc3N@C80 sample using the
technique outlined later in this section.

67
An isomerically pure sample of Sc3N@Ih-C80 was used next in direct comparison
with a pure sample of C60. We placed a 1.0 mg sample of C60 empty-cage
cage fullerenes in
one vial and a 1.0 mg sample of high purity Sc3N@C80 in a second vial. We then
dissolved both samples in 2.5 mL of CS 2, began stirring, and added 40 mg AlCl3. The
MNF solution went from dar
dark
k to clear in approximately two minutes as shown in Figure
37 indicating the removal of the fullerene from the solution via precipitation of the
fullerene-Lewis
Lewis acid complex while the C60 solution did not noticeably
y change in color.

Figure 37. Rate Comparison for C60 and Sc3N@Ih-C80
Given that C70 lies somewhere between C60 and Sc3N@C80 in terms of reactivity,
we later tested a pure sample of C70 using the exact same reaction conditions—C
conditions
70 did
not show a noticeable color change within the two-minute
minute time frame of the experiment
experime
which would indicate that it
its reactivity is closer to that of C60 than to the MNF, which
was the prediction we made based on our knowledge of the charges on the fullerene
f
cages in question. The C 80 cage present in MNFs and OMFs has a formal -6 charge
whereas the empty-cage
cage fullerenes are neutral, leading to a significant difference in
reactivity with Lewis acids.
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Reaction of MNF with Lewis Acid in CS2
Endohedral metallofullerenes such as MNFs have a partial negative charge on
their cage, making it the most electronegative molecule in a solution of CS 2, MNF, and
Lewis acid. Therefore, we believe that the reaction occurs more rapidly with the MNF
than with empty-cage fullerenes because of the stronger attraction of the Lewis acid to
the MNF than to anything else in the solution. A possible reaction is shown below in
Figure 38.

Figure 38. Proposed reaction between an MNF and Lewis acid in Carbon Disulfide. The
partial positive on the metal atom is attracted to the negative cage charge on the
fullerene.
Application to Actual Extract
Several experiments using Scandium extract were then conducted to confirm the
feasibility of developing this into a separations technique. The goal was to ensure that
the difference in reactivity could be exploited to obtain an enriched sample. The desired
MNF product had so far reacted so rapidly that our initial concern was selectivity issues
among the MNF species.
One such experiment using scandium extract was performed using 30 mg of
scandium extract and 75 mL CS2. The solution was sonicated to fully dissolve the
fullerenes and 1.2 g of AlCl3 was added while stirring. A sample was taken before
adding the Lewis acid for reference and the reaction was stopped after five minutes of
reaction time. We recovered approximately 20 mg of sample from the remaining solution

69
and approximately 8 mg from the precipitate. Figure 39 shows the results from HPLC
and MALDI for this experiment, indicating that after 5 minutes of reaction time under
these conditions we can remove most of the OMFs, MNFs, and higher order fullerenes
from the solution while leaving the more inert species, such as C 60 and C70, in solution.
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Figure 39. Feasibility as a Separations Technique. Orange Arrows Show the Relation
between the HPLC and MALDI-TOF Peaks
After confirming that our hypothesis was correct about the feasibility of this
technique for separation science, we began to change variables such as the Lewis acid
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used, concentrations, and time of reaction in an effort to streamline the process and
a
minimize the amount of HPLC nneeded to obtain a pure sample—this will be
demonstrated in the following sections. We also tested different methods of introducing
the Lewis acid into the reaction mixture, such as adding half of the solvent to the mixture
instead of introducing it purely as a solid, but none of these methods seemed to have a
significant effect on the outcome of the reactions. Furthermore
Furthermore, we tested and confirmed
that the Lewis acids were not reacting with what we colloquially term the “goo”
“goo present
in our standard fullerene extracts which we generally remove via ether
ether-wash
wash before
proceeding. Our proposed method for stepwise purification is shown in Figure 40.

Figure 40. Proposed Stepwise Purification Scheme
Varying the Variables in our Lewis Acid Project
Effect of Amount of Lewis Acid
For this experiment series 15 mg of Scandium soot extract and 40 mL of CS2
were used while the amount of aluminum chloride added was varie
varied
d using amounts of 75
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mg, 150 mg, 300 mg, 600 mg, and 900 mg added to the reactions. Aliquots were taken at
t = 0, 30 sec, 1 min, 3 min, 5 min, 10 min, 20 min, 30 min, 1 hour, 2 hour, 4 hour, 6 hour,
12 hour, and at varying other times ending at 12 days. Samples were filtered using
Teflon syringe filters and analyzed by HPLC. HPLC conditions used were 0.5 mL min
Xylenes, 4.6 x 250 mm PYE column, and 360 nm UV detection. The concentrations of
five specific fullerenes were monitored
monitored, and a comparison of the
he change in the percentage
of two of these fullerenes in the solution is shown in Figure 41 and Figure 42.

Figure 41. Percent Empty
Empty-Cage C60 Remaining in Solution vs. Time with Varying
V
Amounts of Lewis Acid
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Figure 42. Percent MNF Sc3N@C80 Remaining in Solution vs. Time
ime with Varying
Amounts of Lewis Acid
The graph shows a significant decrease in the rate MNF forms a complex
co
as the
amount of AlCl3 is reduced in solution. However, even at the lowest concentration we
tried using 75 mg AlCl3, all of the MNF does complex and come out of solution.
Effect of Concentration
For this experiment series 15 mg of scandium soot ext
extract
ract and 150 mg of
aluminum chloride were used while the amount of CS 2 was varied from 20 mL up to 200
mL. Aliquots were taken at the times shown in Figure 43 and filtered using Teflon
syringe filters. HPLC condi
conditions used were 0.5 mL/min Xylenes, 4.6 x 250mm PYE
column, and 360 nm wavelength.
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Figure 43. Percent MNF remaining in solution vs. time with varying CS2
The above graph demonstrates the decreasing rate of MNF complexation with
increasing solvent volume. For these series of experiments, we only obtained percentage
data, not amount data; so kinetic information from log graphs is not viable for this series.
The following graph shown in Figure 44 focuses on the individual fullerenes from the
200 mL experiment.
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Figure 44. Percent Fullerenes Remaining in Solution vs. Time for 200 mL Carbon
Disulfide Experiment
This graph, from the 200 mL CS2 experiment, shows the percent fullerene
composition of the solution for the first 90 hours of reaction time. After 90 hours of
reaction time, the solution was 92.8% C60. Levels of MNF fell below the detection limits
of the HPLC within two hours. This section is shown enlarged on the graph for increased
visibility.
At this point our preliminary data had suggested that our reactivity rates would be
OMFs > MNFs >> C2n. Furthermore, our experiments had conclusively shown that the
concentration of the reaction mixtures has a strong effect on the complexation rate of
MNFs. This is illustrated as follows in Figure 45.
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Figure 45. Complexation Rates with Concentration Changes
Array of Lewis acids
We also variedd the Lewis acid used to ascertain the effect of Lewis acid strength
on our reaction. We compared five Lewis acids: aluminum chloride, iron
ron chloride,
aluminum bromide, magnesium
agnesium chloride, and magnesium bromide.
romide. Our first experiment
involved 75 mmol of the
he Lewis acid in question (75 mmol corresponds to 100 mg AlCl 3)
with a reaction mixture containing 15 mg Scandium fullerene extract dissolved in 150
mL CS2. Each reaction ran for 100 minutes with aliquots being taken regularly
throughout the experiment. The results of this experiment indicated that the rate of
reaction with MNFs was AlBr3 > FeCl3 > AlCl3, with the two weaker Mg Lewis acids not
reacting significantly within the timeframe of the experiment.
An experiment series mirroring one of the earlier ones with AlCl3 was then done
with FeCl3 using 15 mg of the same scandium extract used in previous sections, 40 mL
CS2 as solvent, and 150 mg of FeCl3. The results are shown in Figure 46.
46
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Figure 46. Percent Change in Fullerenes with time (FeCl3)
Given the difference in reactivity observed, we repeated this experiment again to
study the kinetics in more detail. We began with 7.1 mg MgCl2, 10 mg AlCl3, 12 mg
FeCl3 or 20 mg AlBr3 which w
we added to four stirring solutions containing 15 mg of
fullerene extract dissolved in 150 mL carbon disulfide. An equimolar amount of Lewis
acids was used for comparison of Lewis acid to rate of reaction, which was allowed to
proceed for a minimum of 3 mi
minutes.
nutes. Reaction mixtures having slower kinetics were
monitored for longer times.
Once again, the weaker Lewis acid, MgCl2, was nonresponsive under our
experimental conditions with the stronger Lewis acids of AlCl 3, FeCl3, and AlBr3 being
much more responsive
ive to MNFs. Equimolar amounts (7.5 mmol to be exact) of Lewis
acid were used so that we could directly compare the reactivity of Sc 3N@Ih-C80 with the
type of Lewis acid. Figure 47 as follows illustrates the results
lts of this study.
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Figure 47. Effect of Lewis acid on Sc3N@Ih-C80 Complexation Rate
The log graph suggests that AlBr3 and FeCl3 both have a much higher reaction
rate with MNFs than AlCl3. This is particularly strange as FeCl3 is technically a weaker
Lewis acid than AlCl3. The kobs data, assuming pseudo first order kinetics, was 0.605
min-1 (AlBr3), 0.302 min-1 (FeCl3), 0.0124 min-1 (AlCl3), and ~0 min-1 (MgCl2). This
indicates that aluminum bromide reacts with a rate of approximately 60x that of AlCl3,
though again AlBr3, while stronger than AlCl3, is not 60x stronger. A first order reaction
is one which depends on the concentration of only one reactant, even if other reactants
are present. If two reactants affect the rate and must both be monitored, it can be
difficult. One solution is to use a pseudo-first order approximation, which is
accomplished by having an excess of one of the reactants. As the reaction progresses,
only a small amount of these reactants are used, and so their concentration can be
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assumed constant. In our case we have great excess of both our Lewis acid and our
solvent molecules, but a finite amount of fullerenes. Therefore we assume pseudo firstorder kinetics because as the reaction progresses only a small amount of the solvent and
Lewis acid are used, so their concentration can be said to remain constant during this
portion of the reaction. The straight lines plotted for this section support our claim of
pseudo first-order assumption.
Selectivity and Kinetics
MNF Selectivity: Ih versus D5h isomers
Approximately 1 g of fullerene sample was dissolved in 1 L of carbon disulfide.
While stirring, 217 mg FeCl3 was introduced to the fullerene solution. Aliquots of the
reaction mixture were taken and analyzed via HPLC. HPLC conditions were 0.3 mL/min
toluene mobile phase, 10 µL injection samples, 360 nm UV detection, and a 4.6 x 10 mm
PYE column. Results from standardized samples of pure fullerenes and their extinction
coefficients were used with peak area to convert HPLC output to molarity.
It is well known in the scientific fullerene community that the Ih isomer of
Sc3N@C80 is less reactive than the D5h isomer for most other types of reactions such as
cycloadditions.105, 118-122 For determining if a similar trend applied to our Lewis acid
reactions, we performed an experiment with one of our stronger Lewis acids, FeCl3, to
ensure sufficient reaction with both isomers. Aliquots were taken at arbitrary times to
monitor the loss of both Sc3N@C80 isomers from the solution.
We again assumed first-order kinetics of uptake (Figure 48), for reasons explained
previously, to calculate an observed kinetics value. The ratio of kobs (Sc3N@D5h-C80) to
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kobs (Sc3N@Ih-C80) was 1.6, confirming that Sc3N@D5h-C80 is more reactive than
Sc3N@Ih-C80 for this reaction as well, making it consistent with other literature reports.

Figure 48. Log Plot Showing Kinetics of Scandium MNF Isomers
Furthermore, isomeric purity for the Sc3N@Ih-C80 can be obtained in as little as
55 minutes of reaction time using this technique (Figure 49). This is significantly faster
than our current method of choice for purifying isomers, which uses aminosilica to
selectively bind more reactive fullerene and metallofullerene species (called the SAFA
process and discussed previously).80
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Figure 49. Increase in Isomeric Purity for Sc3N@C80
Mixed Metal MNFs
A rough experiment to monitor the reaction rate of mixed metal MNFs compared
to scandium MNFs was performed using 2 mg of a lanthanum-scandium fullerene extract
(that is, an extract that was generated using both Lathanum Oxide and Scandium Oxide
and therefore containing an assortment of mixed metal LaSc MNFs). An HPLC
chromatogram of the starting material is shown in Figure 50, the HPLC conditions were
0.5 mL/min Xylenes mobile phase, 4.6 x 250 mm PYE column, and 360 nm UV
detection.
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C60

C70
LaSc2N@C80
Sc3N@C80

Figure 50. HPLC Trace
race of La
Lanthanum/Scandium Sample
We predicted that LaSc2N@C80 would have a similar complexation rate to
Sc3N@C80 based on cage chemistry. Taking aliquots over a period of 20 minutes,
minutes we
used integrated peak areas from our chromatograms to compare the reactivity of the
th two
MNFs in question and found that experimentally the kinetics are similar but that there
may be enough of a reactivity difference to exploit with more study. Figure 51 shows a
log plot of this data comparing L
LaSc2N@C80 and Sc3N@C80.
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Figure 51. LaSc2N@C80 vs. Sc3N@C80
The graph as shown in Figure 51 indicates similar reactivity for the Sc3N@C80
and the mixed-metal
metal MNF under these conditions. The excess of Lewis acid present
most likely reacted with both compounds too rapidly to illustrate a selectivity difference
in this case. Further studies are planned to repeat this experiment with new parameters
designed to slow the reaction kinetics and later to expand on this with other mixed-metal
mixed
MNFs and various Lewis acids.
OMFs Versus
ersus MNFs and Solvent Effects
Given the noticeable difference in reactivity between the isomers of Sc3N@C80,
we took a more in-depth
depth look at the reactivity of OMFs versus MNFs. Two fullerene
samples that had been enriched in OMFs and MNFs were used for this experiment. The
solvent used was either benzene
enzene or CS2. The reaction mixture was generated by
dissolving 2 mg of fullerene sample in 15 mL of the solvent then adding 10 mg of AlCl3

84
while stirring. Aliquots were taken at arbitrary times to monitor the fullerenes remaining
in solution (i.e. fullerenes that have not formed a Lewis acid complex and precipitated)
and analyzed in the same manner for previous experiments.
Aluminum Chloride was selected for this reactivity comparison of OMFs and
MNFs because of its slower reaction kinetics compared to aluminum bromide and iron
chloride. Our primary interest was studying the reactivity of our oxometallic fullerene,
Sc4O2@Ih-C80, relative to various metallic nitride fullerene compounds such as
Sc3N@C68, Sc3N@C78, Sc3N@D5h-C80, and Sc3N@Ih-C80. The amount of C60 and C70,
the dominant empty-cage fullerenes, remaining in solution stays fairly constant as they
are much less reactive than the endohedral fullerenes under these conditions. The kinetic
data for Lewis acid reactivity with OMFs and MNFs is shown below in Table 3.
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Table 3
Kinetic Data for Various OMFs and MNFs with Aluminum Chloride

This data seems to indicate faster reaction kinetics for both OMFs and MNFs in
CS2 as opposed to benzene, a solvent which exhibits an improvement in selectivity for
the OMF Sc4O2@Ih-C80, suggesting that proper solvent selection will be a critical
variable in eventually tuning the reaction kinetics in such a way as to isolate OMF
species from MNFs. Benzene has the slower reaction rate of the two solvents making it
ideal for separations; however, because of the adduct formation it is not feasible at
present. A log plot was generated to illustrate the difference in the rate of loss of OMF
and MNFs from solution and is shown below in Figure 52.
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Figure 52. Loss of Fullerene from solution in (a) CS2 and (b) Benzene
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Once again we assume first-order kinetics based on the fact that both our solvent
and our Lewis acid is present in excess, making the rate dependent on the fullerene along.
The straight lines plotted for this section support our claim of pseudo first-order
assumption.
Scalability and Recovery
At this stage in our research, we wanted to once again revisit some of our
preliminary findings in order to firm them up, so to speak. Specifically, we wanted to
answer the question of how good fullerene recovery was from the precipitated complex.
In addition, it was important to know if this reaction could be successfully scaled up and
used to isolate larger quantities of enriched and/or purified material.
Since our initial test of this reaction as a separations technique was positive,
though unpolished, we repeated it several times over the course of the next few months in
order to obtain a sample enriched in OMFs. This repetition required a certain measure of
scaling up to be done, and most of these experiments were performed with success as a
pre-cleanup technique on >1 g of fullerene material. This technique allowed us to use
HPLC fraction collection, which would not have been feasible with the starting material,
to isolate a pure sample of Sc4O3@C80 OMF for the purpose of obtaining a crystal
structure from our collaborators (discussed in more detail in Chapter II). This would be
our first real test of a stepwise purification system using Lewis acid chemistry, and
though it did involve extensive HPLC use it was successful. The chromatograms
pertaining to this experiment are shown below in Figure 53. The actual sample used to
obtain the crystal structure was a combination of this one and several others, some of
which were the product of a more concerted separation effort.
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Figure 53. Chromatograms of (a) Fullerene Stock Containing
ontaining OMF, (b) Enriched OMF
Sample after Lewis Acid
cid Chemistry, and (c) Purified OMF After Fraction
raction Collection
While our initial experiments to scale up this reaction did work reasonably well,
they did not provide us with an abundance of statistical data as their purpose was simply
to obtain as large a quantity of enriched OMF sample as possible in the least amount of
time. Therefore, an experiment was designed specifically to study the scalability and
recovery potential of this reaction.
Extract solutions containing ~1.3 g of fullerenes dissolved in 500 mL of carbon
disulfide were prepared and, while stirring, 1.75 g AlBr3, 240 mg FeCl3, and 198 mg
AlCl3 were added. These reactions ran for a duration of three hours each. Due to the
large amount of sample, a paper filter was used to obtain the precipitate, which consisted
mostly of OMF and MNF fullerenes complexed to the Lewis acid of choice. The ice
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water, sodium bicarbonate, and carbon disulfide were then added to the precipitate, and
the fullerenes that dissolved in the CS2 layer were very carefully washed, dried, and
weighed. The filtrate was also washed in a separatory funnel, dried, and weighed. The
masses of both the filtrate and the precipitated fullerenes were added and compared to the
mass of the original extract. The HPLC chromatograms from the Iron Chloride
experiment are shown in Figure 54.
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Figure 54. HPLC of (a) S
Starting Material, (b) Resulting Filtrate,
iltrate, and (c) Recovered
Fullerenes from the Precipitate
recipitate
The data shown by these chromatograms indica
indicates
tes the complexation and removal
of MNFs and OMFs from solution that are later recovered from the precipitate. Fullerene
recovery rates ranged from 83
83-86%
86% regardless of which Lewis acid was utilized. This
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data agrees with our very early estimates of 60-85% recovery rates. Table 4 shows the
data in numeric form.
Table 4
Summary of Fullerene Recovery Data

Focus on Enriching Specific MNFs and OMFs
Enrichment of Sc4O2@Ih-C80
In another attempt to build off our earlier preliminary data, we began working
specifically to get the most-enriched samples possible. As much of our interest lies in
species that are more reactive than Sc3N@Ih-C80, we need to develop and optimize our
methodology. Our intention was to eventually eliminate HPLC altogether and obtain
pure samples via Lewis acid chemistry or at least to determine the limits of the reaction
and obtain the most enriched sample possible. In order to do this work towards the
stepwise purification technique we mentioned in a previous section, we needed to
determine the reactivity order of MNFs and OMFs so that we would be able to
manipulate the kinetics in such a way as to only precipitate the species in which we are
interested.
To that end we took 982 mg of fullerene extract and dissolved it in 500 mL
carbon disulfide. While it was stirring, we added 340 mg of AlCl3 to the solution and
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monitored the reaction at arbitrary times via HPLC. After 44 hours of reaction, the OMF
peak was completely gone as were the majority of the other metallofullerene peaks. The
precipitate, which contained both the OMF and various contaminants (MNFs were
considered a contaminant for this experiment), was treated as previously described to
obtain a fullerene sample devoid of the majority of the empty-cage fullerenes. This
sample was approximately 45 mg in size and was used in a second step where it was
dissolved in 250 mL CS2. While this mixture was stirring, 135 mg of AlCl3 was added,
and the reaction proceeded for 4 h 40 min, at which time the resulting precipitate was
processed to recover a sample enriched in OMF Sc4O2@C80.
Mass spectral data indicates that our OMF, Sc4O2@Ih-C80, is the first of the OMF
and MNF species to be removed from solution after 20 hours. This result is consistent
with the reactivity data we had obtained in prior experiments. From 20 hours through 44
hours of reaction time, we see the precipitation of various MNFs such as Sc3N@C78,
Sc3N@C68, and Sc3N@D5h-C80 as well as a small amount of Sc3N@Ih-C80.
The second step, where an additional amount of Lewis acid was added to the
solution, further enriches the sample in Sc4O2@Ih-C80 content while also providing us
with a sample enriched in various hard to obtain MNFs. The MALDI data indicates that
the dominant fullerene in the precipitate after this step is Sc4O2@Ih-C80. Figure 55,
shown in a following section, neatly summarizes a similar reaction scheme.
Enrichment of the D5h Isomer of Sc3N@C80
Traditionally isolating or enriching a sample of the D5h isomer of Sc3N@C80 has
been more difficult than for the Ih isomer as the Ih isomer is both the dominant species
and the least reactive. The SAFA process, another technique for fullerene separation
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developed in our lab, is able to remove the D5h isomer from a solution, but recovery is not
feasible. Therefore, obtaining an enriched sample of this rarer isomer was a step on our
route to a purification scheme that we did not want to miss, especially as the reactivity
rate for this isomer is closer to that of our OMFs than the Ih isomer is. In addition, since
the majority of fundamental research in this area has thus far focused on the Ih isomer of
Sc3N@C80, a benefit of this technique is the ability to acquire and provide samples of the
rarer isomer for future work.
Reaction conditions for isolating an enriched sample of Sc3N@D5h-C80 included
once again stirring a fullerene solution, approximately 1 g of sample was used for this
experiment, in 500 mL of CS2 with 340 mg AlCl3 for 44 h. The sample could be further
purified, if desired, by a single pass of fraction collection using HPLC. Details of
isolating Sc3N@D5h-C80 via HPLC have already been published.24, 123
Isolation of Isomerically Pure Sc3N@Ih-C80
This experiment involves the second step of reactions, such as those described
above in previous sections. After the initial step which removes the most reactive
species such as OMFs and the more reactive MNFs from solution, the precipitate is
removed. We are then left with a filtrate containing primarily empty-cage fullerenes and
Sc3N@Ih-C80. The precipitate is used in the previously described experiments while the
filtrate is collected and returned to a reaction flask where 150 mg FeCl3 is added while
stirring. After 70 minutes of reaction time, the Ih isomer of Sc3N@C80 has complexed
with the Lewis acid and has been successfully removed from the solution. As all of the
more reactive species were already removed in the first step, the only endohedral
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fullerene remaining in solution is the MNF in question, so this produces an isomerically
pure sample of Sc3N@Ih--C80 after being processed.
The absence of any D5h contaminant was determined via HPLC, where normally
the D5h isomer appears as a “back shoulder” on the Sc3N@Ih-C80 peak. It is absent here.
The lack of other fullerene contaminants was confirmed via MALDI which indicates
indicate a
sample purity of >99%. This entire reaction scheme is neatly summarized as follows in
Figure 55.

Figure 55. Includes (a) Enrichment Scheme for Sc4O2@Ih-C80 and other MNFs, (b, c, d)
HPLC and MALDI data for the Fullerenes Recovered from the Precipitate,
recipitate, and (e,f,g)
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Isolation Scheme, HPLC Ttrace, and MALDI Spectrum of Isomerically Purified
Sc3N@Ih-C80 Recovered from the Precipitate using FeCl3
Isolation of Gram Quantities of Sc3N@Ih-C80
Given that the standard concentrations of endohedral fullerenes is usually small
compared to the rest of the sample, it is often necessary to start with more than a gram of
extract in order to get a final sample large enough for further experiments. Therefore,
large scale isolation of metallic nitride fullerene sample is a good indicator of the
applicability of a separations technique for fullerenes in the scientific community.
If Sc4O2@Ih-C80 is the bookend compound for highest reactivity on our charts for
MNFs and OMFs, then Sc3N@Ih-C80 is its opposite number—the more inert bookend.
Since Sc3N@Ih-C80 lies between the relatively unreactive empty-cage fullerenes and the
more reactive endohedral metallofullerenes, we can monitor the loss of the other MNFs
and OMF species and stop the reaction after those have precipitated but before Sc 3N@IhC80 has done so.
The gold standard of HPLC columns for analytical work with MNFs is a PYE
(pyrenyl-ethyl) stationary phase column. Ideally, we also want to use a solvent and flow
rate such that we can easily monitor the loss of Sc3N@D5h-C80 from solution; preferably
these will elute after about an hour. Since Sc3N@D5h-C80 is adjacent to Sc3N@Ih-C80 on
our chart of reactivity trends, it will be a good indicator of when to stop the reaction; if
the D5h is gone, then the other contaminants should be as well.
We began this experiment with an extract solution containing 1.340 g of
fullerenes dissolved in 0.5 L CS2. While stirring, 245 mg AlCl3 was added to the solution
and the reaction continued stirring for 21 hours. After 21 hours the reaction was filtered
and the precipitate, containing contaminant OMF and MNF samples such as Sc3N@C68,
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Sc3N@C78, and Sc3N@D5h-C80, was removed and processed for later study. The filtrate,
which now contained approximately 1.07 g fullerenes, was diluted with 1L CS 2. After
the removal of the Sc3N@D5h-C80, the dominant metallofullerene peak in this solution is
Sc3N@Ih-C80, though it also contains the vast majority of the empty-cage fullerenes such
as C60, C70, and C84 as well. At this point the Sc3N@Ih-C80 can be quickly and easily
precipitated with the use of a stronger Lewis acid. To this new solution we added 217 mg
FeCl3 in order to precipitate the remaining metallofullerene, i.e. the Sc3N@Ih-C80, which
was removed from solution after 55 minutes of reaction time. The reaction mixture was
then filtered and processed to produce a 0.107 g sample of Sc3N@Ih-C80. An overview of
this separation procedure which includes an additional step for the removal of an
enriched OMF fraction is shown in Figure 56.

Figure 56. Overview of the Developed Selective Complexation Scheme for OMFs and
MNFs with Lewis Acids
Separation Science: Conclusions
Metallic Nitride Fullerenes (MNFs) and OxoMetallic Fullerenes (OMFs) can and
do react quickly with Lewis acids to form a complex and precipitate from solution.
Empty-cage fullerenes are mostly unreactive under the conditions we tested with C60
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being especially resistant. The reactivity order for the endohedral metallofullerenes we
tested is Sc4O2@Ih-C80 > Sc3N@C78 > Sc3N@C68 >Sc3N@D5h-C80 > Sc3N@Ih-C80.
Manipulating the Lewis acid used in conjunction with the kinetic differences
allows for the development of a selective precipitation scheme to isolate or enrich the
metallofullerene of choice. We were able to purify Sc3N@Ih-C80 in large quantities
without the use of HPLC; this experiment also showed that the purification scheme was
scalable. Highly enriched samples of Sc4O2@Ih-C80, Sc3N@C78, Sc3N@C68, and
Sc3N@D5h-C80 were obtained and could be easily purified using HPLC fraction
collection. Preliminary data indicates that this approach will be viable for endohedral
metallofullerenes containing metals other than scandium.
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CHAPTER IV
FUNCTIONALIZATION OF ENDOHEDRAL METALLOFULLERENES
Introduction
Endohedral metallofullerenes, and especially metallic nitride fullerenes (MNFs),
have attracted attention in the scientific community due to their unique properties
compared to empty-cage fullerenes.124 Oxometallic fullerenes (OMFs) and metallic
nitride azafullerenes (MNAFs) have also begun attracting attention for their unique
properties since their discovery in the last 2-3 years. Exploring new ways to
functionalize these fullerenes is vital in order to expand their applications in areas such as
medicine and materials science125.
Thus far relatively few functionalization reactions altering the exohedral character
of the fullerene cage have been studied and applied to MNFs; none have been extensively
applied to OMFs or MNAFs due to their continued scarcity. In this chapter we will
explore several methods of functionalizing MNFs with the aim of also applying these
techniques more rigorously to the similar OMFs as soon as possible.
Susceptibility of Metallic Nitride Fullerenes toward O2 Oxidation
The thermal stability of fullerenes and their derivatives has been an area of
considerable interest, and several comprehensive studies exist that describe both the
thermal stability of carbonaceous materials and use of thermogravimetric analysis (TGA)
techniques.126-131 Cataldo126 documented the thermal stability of various carbon
allotropes in nitrogen and air and found C70 fullerene to be considerably more reactive
with O2 than C60. Cuesta et al.127 published a TG/DTA study of C60 and describes the
thermal behavior as complex and heavily dependent on heating rate. Using a
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combination of TGA and FTIR techniques, Datta and coworkers128 strive to characterize
the molecular intermediates formed during thermal decomposition of C60 in oxygen.
More recent work by Krause et al.35 reports a remarkable thermal stability up to 650 K
under vacuum for Sc3N@C80. Simple oxygenated fullerenes, such as C60O, have been
prepared in bulk114 using photooxidation techniques and demonstrates the relative ease of
oxygen incorporation into fullerene structures.
Of the fullerene species now available, our group is primarily interested in the
chemistry, reactivity, and application development of the families of metallic nitride
fullerenes (MNFs), of which Sc3N@C80 is the most abundant, and oxometallic fullerenes
(OMFs). We have initiated a comprehensive investigation into the susceptibility of
Sc3N@C80 toward oxidation by oxygen under thermal and photochemical conditions.
These recent findings, along with direct comparisons to empty-cage fullerenes, are
discussed below.
Knowledge of the range of thermal and oxidative stability of MNF family
members—particularly when at high temperatures and in harsh environments—is
required to focus laboratory experimental design and eventual application development.
Experimental
Thermal Oxidation. Distilled benzene solutions containing 0.04 mM fullerene
[C60, Sc3N@C80] were placed into a 500 mL three-neck round bottom flask and covered
thoroughly with tin foil to block light. A heating mantle was used to heat the solutions
and a condenser was placed on the flask to bring them into a reflux state while stirring for
6-18 hours. Formation of fullerene oxides was monitored as a function of irradiation
time by MALDI MS (1,8,9-anthracenetriol matrix) and HPLC. HPLC conditions were
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1.5 mL/min o-xylene mobile phase, PYE semi-prep column, and 360 nm detection
wavelength.
Photochemical Oxidation. Photooxygenation was performed on O2-purged
benzene solutions containing 0.04 mM fullerene [C60, Sc3N@C80] in a Rayonet
photochemical reactor equipped with either 420 or 350 nm bulbs. Temperature control
was effected using a circulating chiller maintained at 15 °C. Dark, thermal controls were
obtained in O2-purged refluxing benzene. Formation of fullerene oxides was monitored as
a function of irradiation time by MALDI MS (1,8,9-anthracenetriol matrix) and HPLC.
HPLC conditions were 1.5 mL/min o-xylene mobile phase, PYE semi-prep column, and
360 nm detection wavelength. The photochemical assembly used is shown in Figure 57,
and a view of the reaction vessel set-up is shown in Figure 58.
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Figure 57. Photochemical Assembly
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Figure 58. Photochemical Reaction Vessel
Thermal Gravimetric Analysis (TGA). C60 and C70 fullerenes were obtained in
high purity from MER Corporation and used as received. Sc3N@C80 was isolated and
purified as described previously. TGA experiments were performed on a TA Instruments
#2050 system using a 20 ºC/min heating rate and gas flow rate of 0.1 L/min. High purity
nitrogen and dry air were passed through a drying column of indicating drierite and
molecular sieves. Thermal stability of samples was monitored over the temperature
range of ambient to 800 ºC for empty-cage fullerenes and 1000 ºC for Sc3N@C80 MNF.
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Thermal Stability of Fullerenes in Nitrogen and Air
We began by testing the thermal stability of C60, C70, and Sc3N@C80 in nitrogen
and air using TGA. The results of this experiment are shown below in Figure 59 (C60),
Figure 60 (C70), and Figure 61 (Sc3N@C80).
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Figure 60. Thermal stability of C70 in Nitrogen and Air
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TGA analysis of fullerene samples C60, C70, and Sc3N@C80 reveals a trend of
increasing sublimation temperatures in a N2 environment with C60 < C70 < Sc3N@C80.
The data also demonstrates the remarkable thermal instability of Sc3N@C80 in air, where
oxidative stability decreases in the series C60 > C70 > Sc3N@C80 and Sc3N@C80 is the
most readily oxidized species.
The TGA results simultaneously illustrate the remarkable thermal stability of
Sc3N@C80 in nitrogen and instability in air. Sc3N@C80 reaches a significant sublimation
rate in nitrogen at temperatures greater than 900 ºC, but thermal stability decreases
quickly as the flow gas is partitioned between nitrogen and air. Under a flow stream of
50/50 nitrogen/air mix, the onset of thermal decomposition by combustion is observed at
roughly 360 ºC. When nitrogen gas is replaced entirely by air, an aggressive
decomposition rate is observed with an onset temperature of ca. 287 ºC. At T > 287 ºC
the rapid decomposition of the carbon cage structure and internal complex is observed in
succession to give the final product resulting from complete oxidation. A white solid (ca.
20 wt% of original mass) is isolated from the TGA pan, which is presumed to be Sc 2O3
according to previous reports.
Thermal versus Photochemical Oxidation
Our next experiment was to compare thermal and photochemical reactions of
Sc3N@C80 MNF with O2 in dry benzene. We began with the thermal reactions and
performed experiments using C60 with air as the oxygen source, C60 with O2 gas as the
oxygen source, Sc3N@C80 with air as the oxygen source, and Sc3N@C80 with O2 gas as
the oxygen source. Initial reactions lasted for 6 hours, but we also performed a longer 18
hour experiment in an effort to form an oxide. In none of these cases did we observe the
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formation of any oxide peaks via MALDI-TOF MS. The mass spectrum shown as shown
in Figure 62 demonstrates this.
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Figure 62. MALDI-MS Analysis of the Dark, Thermal Control
Our 18 hour photochemical reactions were also performed using C60 with air as
the oxygen source, C60 with O2 gas as the oxygen source, Sc3N@C80 with air as the
oxygen source, and Sc3N@C80 with O2 gas as the oxygen source. All of our initial
reactions at 18 hours appeared to be yielding small amounts of oxide peaks when
analyzed via MALDI, so we increased the reaction time from 18 hours to 88 hours and
were rewarded with a clear oxide peak for both C60 and Sc3N@C80 when using a 420 nm
wavelength. The basic reaction is shown in Figure 63.
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Figure 63. Photochemical Oxidation of an MNF in Benzene
The isotope patterns for C60O and Sc3N@C80O matched roughly the theoretical
isotope patterns
tterns calculated using Bruker Daltronics Isotope Pattern software. Our final
step in generating these oxides was to reduce the wavelength of light used in the reaction
to 350 nm, which rewarded us with several nice MNF oxide peaks shown in Figure 64.

Figure 64. MALDI-MS A
Analysis of the Photochemical Oxidation of Sc3N@C80 MNF in
Dry, Oxygenated Benzene,
enzene, 18 hours @ 350 nm Wavelength
Our experiment shows that the formation of Sc3N@C80(O)x oxides under
photochemical conditions is greatly favored, and MALDI
MALDI-TOF
TOF analysis shows the
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presence of (O)1, (O)2, and (O)3 oxides, potential (O)6. A summary containing most of
the relevant reactions performed are listed below in Table 5.
Table 5
Photo Oxidation Reactions for Fullerenes

Conditions
(photochemical, P,
or thermal, T)

Time (hr)

T

6

C60
Sc3N@C80
Sc3N@C80

T
T
T

Sc3N@C80
C60

Sample
C60

λ (nm)

O2 source (air
or O2)

Oxide
Relative
Yield
none

6
6
6

air
O2
air
O2

T

6

O2

none

P

18

420

O2

0.5

Sc3N@C80

P

18

420

O2

0.5

Sc3N@C80

P

88

420

O2

1

Sc3N@C80

P

88

350

O2

4

none
none
none

Our final step was to perform preliminary studies into the separation of one of
more of these oxides as a purified sample would be useful in later applications research.
Using HPLC fraction collection we were able to easily enrich an oxygenated fraction of
our sample, shown in Figure 65. However given the elution time between the parent
peak and the oxide peak that was collected, and the parent peak contamination in the final
sample, it appears that the oxide peaks are degrading. The degradation could be caused
by MALDI-TOF analysis if the matrix used was not sufficiently protecting the sample.
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Figure 65. HPLC separation (left) affords several enriched oxygenated fractions, for
example MALDI MS (right) for m/z = Sc3N@C80O, possible Sc3N@C80O6
Functionalization of Aromatic Solvents with Metallic Nitride Fullerenes in the Presence
of Lewis Acids
The separation of C60 from other empty-cage fullerenes with the use of Lewis
acids has been previously described87 and was based on C60 being more inert than the
competing species in solution. The separation of various MNFs and OMFs has also been
published using Lewis acid chemistry,132 though in this case the separation was based on
these endohedral fullerenes having the more reactive nature. This significant difference
in reactivity for empty-cage fullerenes versus MNFs is related to the formal charge on the
cage. For MNFs, the formal charge on the cage is 6- as opposed to the neutral charge
present on the empty-cage fullerene. We found that using aromatic solvents instead of
carbon disulfide, which was the solvent used for MNF and OMF separations, resulted in
fullerenation products when an excess of Lewis acid was present in solution. Because of
the nature of the Friedel-Crafts reaction, technically we are functionalizing the aromatic
molecule with a fullerene—quite a large functional group! These products and their
stabilities could be of significant interest to the scientific community. The Friedel-Crafts
reactions of C60 with benzene derivatives in the presence of Lewis acids have been
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explored previously,87 but the products of the more reactive MNF species have not been
studied until now. A proposed scheme is shown in Figure 66.

Figure 66. Proposed Scheme for the Reaction of MNF and Benzene in the Presence of
Aluminum Chloride
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The MNF is the most electronegative molecule in this particular reaction, not
benzene, causing a pre-equilibrium between the Lewis acid and the MNF. What we
believe takes place here is a fairly standard electrophilic aromatic substitution with the
fullerene acting as the R-group. The interaction between the Lewis acid and the fullerene
creates a partial positive charge on the fullerene that the aromatic molecule reacts with to
form a bond, at which point the Lewis acid is removed from the fullerene. Since we are
using an excess of Lewis acid, we believe that several Lewis acid molecules may be
attached to different sites on the same fullerene thereby allowing it to fall out of solution
even after the described reaction has taken place.
Experimental
Synthesis and separation of soot extracts containing MNFs and OMFs. Fullerene
soot containing MNFs and OMFs was prepared using an electric-arc reactor as described
previously.133 Carbon rods were cored and packed with Cu or Cu(No3)2∙2.5 H2O and
vaporized using the CAPTEAR process.71 This soot was extracted using carbon
disulfide, filtered, and dried under rotary evaporation to produce an extract which was
characterized by MALDI-TOF and HPLC to determine the type and amount of fullerenes
present. We then enriched and/or purified the samples using either the SAFA134 method
or the Lewis acid method discussed in detail in Chapter III.
Reactivity of MNFs versus OMFs in benzene. A 2 mg sample of pure Sc3N@C80
(Ih isomer) was dissolved and sonicated in 15 mL of benzene. While stirring, 20 mg of
AlCl3 was added and aliquots were taken at t = 1 min, 5 min, 10 min, 30 min, 1 h, and 2
h. HPLC parameters were 0.3 mL/min toluene mobile phase, 360 nm UV detection, and
10 µL injection into a 4.6 mm x 10 mm PYE column.
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Two 2 mg fullerene samples enriched in MNFs and OMFs were added to 15 mL
of benzene. While stirring, 10 mg of AlCl3 was added to generate a reaction mixture
from which aliquots were analyzed via HPLC. HPLC parameters were 0.3 mL/min
toluene mobile phase, 360 nm UV detection, and 10 µL injection into a 4.6 mm x 10 mm
PYE column. Conversion from peak area to molarity was performed via use of
extinction coefficients and standardized samples of purified fullerenes.
Effect of reaction time and amount of Lewis acid on adduct formation with
Sc3N@C80. A solution of 0.05 mg/mL Sc3N@C80 of mixed isomers (D5h and Ih) in
benzene was prepared. Aliquots of 10 mL each were taken from this solution for each
individual experiment. To each of these 10 mL solutions 100 mg of AlCl 3 was added
while stirring. The reaction times monitored were t = 0, 30 min, 2 hours, 6 hours, and 24
hours. All parameters stayed the same to monitor the effect of adding more or less Lewis
acid, except that the amounts were varied instead of the time. These amounts include 10,
25, 50, 100, and 250 mg. After the allotted time, the reaction was decanted. Ice water
was immediately added to the remaining precipitate in order to break the Lewis acid
complex. Next, a solution of saturated sodium bicarbonate was added to neutralize the
mixture. The resulting fullerene adducts readily dissolve in benzene. This slurry was
placed in a separatory funnel, washed with deionized water and sodium bicarbonate, and
the resulting fullerene-containing layer collected. These products were analyzed by
MALDI-TOF and HPLC. HPLC parameters were 0.3 mL/min toluene mobile phase, 360
nm UV detection, and 50 µL injection into a 4.6 mm x 10 mm PYE column.
MALDI-TOF matrix study for analysis of fullerene adducts. The sample used for
this study was the result of a 12 hour reaction involving a 0.05 mg/mL solution of
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Sc3N@C80 (or C60) in benzene and 100 mg AlCl3 as described above. The matrices
1,8,9-Anthracenetriol and 9-Nitroanthracene were employed at concentrations of 0.15,
1.5, and 15 mg/mL in benzene. To each spot on the MALDI plate, we added 2 µL of
sample and 2 µL of matrix. Several mass spectra were acquired for each spot and
summed for the final spectrum used in our analysis.
Solvent Study. Solutions of 0.05 mg/mL Sc3N@C80 were prepared in the
following solvents: benzene, toluene, o-xylene, m-xylene, p-xylene, 1,2,4trimethylbenzene, fluorobenzene, chlorobenzene, bromobenzene, orthodichlorobenzene,
and 1,2,4-trichlorobenzene. While stirring, 100 mg of AlCl3 was added to each reaction.
The reaction time was constant at t = 18 hours. The precipitates were worked up in the
same manner as described previously. Resulting fullerene adducts were re-dissolved in
their original reaction solvent. Analysis was performed using MALDI-TOF.
Initial Functionalization Experiments
We first discovered that aromatic solvents and Lewis acids resulted in
fullerenation when testing variables for our separations technique (discussed in detail in
Chapter III). In an effort to discover the best parameters for separation, we varied the
amount of Lewis acid, concentration of fullerene, various lewis acids, time of reaction,
and solvent used. We abandoned the solvent study in Chapter IV after a few preliminary
experiments because we wanted only to purify samples, not functionalize them, in that
study.
The preliminary experiments we conducted involved 20 mg of fullerene extract
containing scandium MNF or 20 mg of MER mixed fullerenes in 80 mL of either
benzene, toluene, or sylenes and 200 mg of AlCl3. The reactions were stirred for two
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days then worked up in the same manner as our carbon disulfide experiments, described
in detail in earlier chapters. We analyzed the results via MALDI and found that in all
cases involving MNF some form of functionalization was occurring during the reaction,
though the results varied for different aromatic solvents. Results were inconclusive for
non-endodral fullerenes present in the sample.
Having confirmed that we were forming adducts, we shelved the experiment for a
time in order to finalize our separations technique. We eagerly returned to explore this
reaction as soon as possible, however, and our findings are reported in this chapter.
Reactivity of OMFs versus MNFs in Benzene
One of our first steps in researching this reaction was to study the reactivity of
endohedral fullerenes in benzene. We began by using a purified sample of Sc3N@Ih-C80,
15 mL of benzene, and 20 mg of AlCl3. This reaction proceeded for 1.5 hours and
aliquots were taken to analyze the fullerene remaining in solution at scheduled times
throughout the reaction. A graph of this data is shown in Figure 67.
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Figure 67. HPLC Peak Area of MNF vs Time
In addition to monitoring the loss of fullerene from solution, we also took the
opportunity to study the precipitate from this reaction. Since we used mostly pure
Sc3N@C80 instead of extract, we theorized that any additional peaks we might see in a
mass spectrum should belong to MNF adducts. The resulting MALDI spectrum is shown
as follows in Figure 68.
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Sc3N@C80

Sc3N@C80(C6H5)

Figure 68. MALDI
DI of Precipitate from Reaction of Sc3N@C80, Aluminum Chloride,
Chloride and
Benzene after 1.5 hours
In Figure 68,, the masses correspond to Sc3N@C78 (m/z = 1085), Sc3N@C80 (m/z
= 1109), Sc4O2@C80 (m/z = 1172), and presumab
presumably our adduct – Sc3N@C80-C6H5 (m/z =
1186). This solution was a yellow
yellow-ish
ish color in benzene, which is abnormal for the
fullerenes involved. Later study of this sample indicated that the adducts were somewhat
stable over time. Next we proceeded to perfor
perform
m a full experiment series to continue
studying the reactivity of various fullerenes, not just Sc 3N@C80 MNF, in benzene as
compared to carbon disulfide.
For reactivity comparisons between MNFs and OMFs in benzene,
benzene we selected
AlCl3 as our Lewis acid based on slower reaction kinetics in CS2. For these experiments,
a 2.0 mg fullerene sample enriched in MNFs and OMFs was dissolved in 15 mL benzene.
While stirring, 10 mg of AlCl3 was added to generate a reaction mixture from which
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aliquots were taken at arbitrary times to monitor the fullerenes in solution (i.e., the
fullerenes that have not reacted with Lewis acid and precipitated). The results were
compared with previously published results132 reported in Chapter IV in which this
experiment was done using carbon disulfide instead of benzene. The amount of C 60 and
C70 remaining in solution is relatively constant. Of the endohedral fullerenes that were
monitored, Sc3N@Ih-C80 was found to be the most inert. Table 6 and Figure 69 illustrate
these results.
Table 6
Kinetic Data for Lewis Acid with MNFs and OMFs
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Figure 69. Loss of MNFs and OMFs from Benzene Solution
We also did a single experiment to test the feasibility of using benzene as a
reagent in this reaction, where the main solvent is carbon disulfide, instead of the actual
solvent. We used 0.75 mg of relatively pure Sc3N@C80, 5 mL CS2, 0.5 mL Benzene, and
150 mg AlCl3. This experiment was successful in forming adducts, though we chose not
to change our methodology at this point.
Effect of Reaction Time on Adduct Formation with Sc3N@C80
At this stage we wanted to study the adduct formation that occurs when a large
excess of Lewis acid is used. In earlier experiments our ratio of fullerene to Lewis acid
was 1:5, whereas for this reaction our ratio was either 1:20 or 1:200. Each time slot
indicates a separate reaction, because to get a sample at the given time, we had to
completely stop the reaction, filter the precipitate, and obtain the functionalized sample.
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We were not able to take sufficient aliquots to accomplish our goal using a single
reaction; therefore this method of using multiple reactions was devised.
During our first foray into this study, we used a ratio of 1:20 (extract:Lewis acid)
in benzene and times ranging from half an hour of reaction time up to 72 hours of
reaction time. We saw only two different adduct peaks via MALDI and decided to repeat
the experiment using a higher ratio of fullerene to Lewis acid in an attempt to get better
data about the addition process.
For the next experiment, our samples were 0.05 mg/mL Sc3N@C80 in benzene
with 100 mg AlCl3 added while stirring. The reactions were stopped and analyzed at t =
0, 30 min, 2 hours, 6 hours, and 24 hours. Our results, using both MALDI-TOF and
HPLC, are shown in Figure 70.
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Figure 70. Adduct
duct Formation with MNFs
MNFs: Comparison of MALDI-TOF
TOF (left) and
HPLC (right) as the Reaction
eaction Progresses.
The observed trend shows that as time goes on, the higher adducts increase as the
monoadduct actually decreases. This trend strongly implies that higherr adducts are
continuously formed as the reaction continues and that the monoadduct converts into
higher adducts as the reaction progresses. It is also worth noting that the Ih isomer of
Sc3N@C80 appears to be the first to react under these conditions – a first! More
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experiments are needed to confirm the order of reaction however, given that this
experiment has not been repeated and was done with an excess of Lewis acid.
Effect of Lewis Acid Amount
mount on Adduct Formation with Sc3N@C80
Following our study of reaction time on adduct formation where we saw that
more Lewis
ewis acid resulted in more adduct peaks, we began varying the amount of Lewis
acid added while keeping all other variables constant. Lewis acid amounts added after
stirring were 10, 25, 50, 100, aand
nd 250 mg. Our fullerene samples consisted of 10 mL of
0.05 mg/mL Sc3N@C80 in benzene. These reactions stirred for 12 hours after the
addition of Lewis acid. Shown in Figure 71 is a graph of the percent of fullerene
fulle
adducts
present in the precipitate after 12 hours of reaction time and the Lewis acid amounts
listed above. The percentages were calculated using the relative intensities of MALDIMALDI
TOF peaks.

Figure 71. Percentage of Each Adduct Formed as a Function of Lewis Acid
A Amount
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This study further illustrates the observed adduct formation from an earlier
section, where the monoadduct, and perhaps the diadduct, appear to decrease later in the
reaction as higher adducts become more pr
prominent.
ominent. The following mass spectrum in
Figure 72 represents the 250 mg AlCl3 experiment from this series.

Figure 72. MALDI-TOF
TOF Mass Spectrum Illustrating Adduct Formation
MALDI-TOF Matrix
rix Study for Analysis of Fullerene Adducts
A matrix study was done to determine the best, if any, method of analyzing these
compounds via MALDI. Two matrices were selected at three different concentrations.
For each spot 2 μL
L of matrix and 2 μL of sample
le were used. The sample was the
precipitate from a 12-hour
hour reaction containing 100 mg AlCl3 that formed several adducts;
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this reaction was discussed previously. Results are shown as follows in Table 7. We
also performed this test on a sample of C60, but results were inconclusive due to the low
functionalization of the empty
empty-cage sample.
Table 7
Relative Intensity of Benzene Monoadduct in Different Matrices

A concentrated matrix of 1,8,9
1,8,9-Antracenetriol
Antracenetriol was found to be the best option.
This matrix was subsequently used for all MALDI-TOF
TOF spectra related to adduct
formation for this project. Some of the higher adducts were not visible at all on the mass
spectrum when a more dilute matrix was used. This concentration of matrix was used for
most of the final data in this chapter.
Solvent Study
Being able to tune the external environment of the fullerene cage is of great
interest to the scientific community
community. We there we began to expand on our initial solvent
observations by starting an extensive study involving different aromatic solvents in this
reaction.
For our first extension of that initial experiment
experiment, we selected the solvents benzene,
toluene, xylenes, o-dichlorobenzene
dichlorobenzene (ODCB), and 1,2,4 trimethylbenzene for our
solvents and dried them with magnesium sulfate. We used 25 m
mg
g of scandium fullerene
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extract, 5 mL of solvent, and 50 mg of aluminum chloride for each reaction. We found
that some of these, such as ODCB, formed layers in solution that were difficult to
separate without using a centrifuge. Our results did show functionalization, but they
were not very clear due to possible contamination. Still, we were encouraged by the
apparent formation of adducts in all cases and proceed to perform similar experiments
with an even larger variation of solvents, discussed below.
For this study we used a solution of 0.05 mg/mL Sc3N@C80 in the following
solvents: benzene, toluene, o-xylene, m-xylene, p-xylene, 1,2,4-trimethylbenzene,
fluorobenzene, chlorobenzene, bromobenzene, orthodichlorobenzene, and 1,2,4trichlorobenzene. While stirring, 100 mg of AlCl3 was added to each reaction. The
reaction time was constant at t = 18 hours. Figure 73 illustrates these solvents and the
resulting adduct peaks. Some of them, labeled as precipitates, formed a clear precipitate
while the others, labeled solution, were more difficult to separate.
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Figure 73. Adduct Formation in Different Solvents
The only sample that did form any adducts at all was the 1, 2, 4 trimethylbenzene
sample. Others formed peaks that were clearly deciphered as belonging to solvent
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adducts, and some produced a multitude of new peaks that we were not able to
conclusively identify.
Empty-Cage Fullerene Functionalization Study
A brief functionalization study was done using C60, C70, and a mixture of the two
with aluminum chloride and benzene. The fullerenes used were pure samples obtained
from MER—the mixture was generated by mixing the two, not obtained from an extract.
It was determined that these empty-cage fullerenes do not functionalize easily in this
manner, and our results were inconclusive. Given that most of the interest in fullerenes at
present is focused on endohedrals, we opted to drop our empty cage study and focus on
enriching another sample with OMF content for further study.
Functionalization via Collaboration
Collaborators of our lab at Colorado State are also working on functionalizing
endohedral metallofullerenes. Our lab has not been directly involved in the experiments
they are conducting into the fluoroalkylation of MNFs, but we have often provided
samples, such as extract enriched in the difficult-to-obtain D5h isomer of Sc3N@C80, for
their research. At this time they have published many papers on the subject and are still
going strong. Their research was discussed more in-depth in Chapter I.98, 100-102, 135, 136
Functionalization of Endohedral Metallofullerenes: Conclusions
The functionalization of endohedral metallofullerenes such as the MNFs
discussed in this chapter have been the focus of much research in the scientific
community over the past two decades. Functionalization studies of these molecules is
one way of exploring possible applications in areas such as materials science or even
medicine.
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We began by studying oxidation. TGA analysis of fullerene samples C 60, C70, and
Sc3N@C80 revealed a trend of increasing sublimation temperatures in a N2 environment
with C60 < C70 < Sc3N@C80. The data also demonstrates the thermal instability of
Sc3N@C80 in air, where oxidative stability decreases in the series C60 > C70 > Sc3N@C80
and Sc3N@C80 is the most readily oxidized species. In addition, photochemical and
thermal reactions of Sc3N@C80 MNF with O2 in dry benzene were analyzed to show that
the formation of Sc3N@C80(O)x oxides under photochemical conditions is greatly
favored. MALDI-TOF analysis showed the presence of (O)1, (O)2, and (O)3 oxides, with
potential (O)6.
We also discovered that Metallic nitride fullerenes (MNFs) and Oxometallic
Fullerenes (OMFs) react with Lewis acids to form adducts with aromatic solvents. The
reactivity order for these molecules is the same in benzene as in carbon disulfide, namely
Sc4O2@Ih-C80 > Sc3N@C78 > Sc3N@C68 > Sc3N@D5h-C80 > Sc3N@Ih-C80. The MNF
Sc3N@C80 can be functionalized with numerous aromatic adducts which appear to be
fairly stable, amenable to flash chromatography, and can remain functionalized after
being re-dissolved.
There are many other reactions that have yet to be studied in-depth with MNFs,
but as sample availability rises in the future, the scientific community will be able to
explore new methods of functionalization. In the future we would like to not only
functionalize samples but also separate and purify large enough quantities for further
research on the adducts themselves.
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CHAPTER V
FUTURE DIRECTIONS
The study of new molecules is an ongoing process as there are always going to be
new molecules to discover, isolate, and characterize. In this dissertation we have
reported on the discovery of two new classes of fullerenes—oxometallic fullerenes and
metallic nitride azafullerenes—and characterized several new species such as
Sc4O2@C80, Sc4O3@C80, and Sc2O@C82. We have also detected peaks via MALDI-TOF
corresponding to other OMFs such as Sc4O4@C76, Sc4O@C90, Y2O@C82, Y4O2@C80,
La4O2@C92, and Er2O@C80. Future work in this area involves reproducing reactor
conditions to generate more of these unexplored OMF samples and isolating them for
crystallography and further study.
For example, if the structure of Sc4O4@C76 could be confirmed, then it would
officially take the lead for the largest number of atoms encapsulated in a fullerene cage—
with a C76 cage, no less! Ascertaining the arrangement of the eight atom cluster inside
this cage will be particularly interesting as it is unknown if the Sc4O4 cluster will be
present in a cubane-type arrangement or something more esoteric. Eventually we would
also like to add reactivity data for this OMF and other new scandium OMFs—such as the
Sc4O@C90 molecule, which would be the first fullerene containing four metals and one
oxygen atom to be characterized—to the reactivity data we have already generated using
Lewis acids.
As for the non-scandium OMFs, the most abundant of them at present appears to
be Y2O@C82. Preliminary studies indicate that the Y2O@C82 fraction of a sample could
be significantly enriched using our Lewis acid technique. If successful, this result would
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conclusively demonstrate that our Lewis acid approach could separate non-scandium
OMFs as predicted. The enriched sample could then be purified with a final HPLC step,
characterized, and used for reactivity studies with its scandium analogue, Sc2O@C82.
In order to obtain a sufficient quantity of any of these OMFs for research,
however, reactor conditions will need to be optimized to generate them in larger amounts.
Since in the past we have found that attempting to perfect the reactor conditions for one
molecule often leads to the discovery of ever more novel compounds, this cycle of
discovery and enrichment has the potential to become a continuing process.
Additionally, we could attempt to generate, identify, separate, and characterize OMFs
using mixed-metals or non-traditional metals.
Isolating more metallic nitride azafullerenes for crystallography and other studies
is another direction for future work to take. Studying the reactivity of the MNAFs
compared to the corresponding MNFs would be interesting, but it is more important to
note that the nitrogen atom present on the MNAF cage is a promising functionalization
site for various reactions. This is of particular interest because application development
for fullerenes is often dependent upon being able to successfully functionalize the cage.
We have reported on the reaction between MNFs and OMFs with Lewis acids in
carbon disulfide and various aromatic solvents, such as benzene, but that still leaves
many potential fullerene solvents to test. Ideally we would like to find a solvent that
produces slower reaction kinetics for this reaction and does not result in the fullerene
cage being functionalized. This finding should allow us to obtain more accurate kinetic
data and eventually lead to increased selectivity for MNFs and OMFs as well as
providing non-functionalized samples for recovery.
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At some point we would also like to expand on our mixed-metal MNF reactivity
studies. Our initial results comparing Sc3N@C80 and LaSc2N@C80 using Lewis acid and
carbon disulfide showed similar reaction rates, but we were unable to make a thorough
examination due to a lack of sample. We would also like to add other mixed-metal
MNFs, such as GdSc2N@C80, to this study and expand it to include solvents other than
CS2.
Obtaining a sample of Sc3N@C80(C6H5), our mono-adduct, large enough for
crystallography is yet another goal. Preliminary studies imply that the compound is
stable enough to survive flash chromatography, and theoretically the retention time
should vary sufficiently between adducts and virgin material to see clear separation. The
major hurdle here is generating a sample enriched only in the mono-adduct without
forming excess amounts of the higher adducts, which may have similar retention times;
however, this product could likely be attained after performing further kinetic studies
aimed at finding the ideal reaction parameters.
While our lab does not specialize in application development for MNFs and
OMFs, we do wish to be able to provide samples to our collaborators in the future for this
purpose. Therefore, optimizing our ability to provide pure or enriched samples of a
desired endohedral metallofullerene for a given kind of applications research is one of
our ultimate goals. Recent research into applications for MNFs includes both the
electronic and medical fields, and given the similarity of OMFs and MNAFs to MNFs,
we expect that these new compounds will be studied for use in the same or similar areas.
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